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Abstract

Each year, U.S Department of Defense buildings waste millions of dollars’ in
energy lost through leaks in building envelopes. Identifying the source of
this wasted energy has historically been time consuming and prohibitively
expensive for large-scale energy analysis. This work used an independently
developed drive-by thermal imaging solution that can enable the Depart-
ment of Defense (DoD) to achieve cost-effective energy efficiency at much
greater scale than other commercially available techniques of measuring
energy loss due to envelope inefficiencies from the built environment. A
multi-sensor hardware device is attached to the roof of a customized vehicle
to rapidly scan hundreds of buildings in a short period of time. At U.S. Ma-
rine Corps Base Camp Lejeune, the unit identified over 2500 distinct
building feature components identified across various buildings through-
out the base. These features were categorized by type and surface tempera-
ture to provide an in-depth analysis of each building’s envelope energy
profile. This report includes an in-depth analysis of 30 buildings at each
installation, recommends specific energy conservation measures (ECMs),
and quantifies significant potential return on investment.
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Executive Summary

Each year, millions of dollars’ worth of energy leaks from the envelopes of
U.S. Air Force buildings due to missing or improperly installed insulation,
cracks around doors and windows, thermal bridges in wall systems and
many other deficiencies. Identifying the sources of this wasted energy has
historically required manual thermal audits that are typically inconven-
ient, time consuming, and prohibitively expensive for large-scale energy
analysis. Meanwhile, Federal agencies are under immense pressure to
dramatically reduce the amount of energy consumed by their buildings.

A unique contractor-developed drive-by thermal imaging solution is avail-
able that can enable the Department of Defense (DoD) to achieve cost-
effective energy efficiency at much greater scale than other commercially
available techniques of measuring energy loss due to envelope inefficien-
cies from the built environment. A multi-sensor hardware device is at-
tached to the roof of a customized vehicle to rapidly scan hundreds of
buildings in a short period of time. The gathered data are processed and
analyzed at Essess headquarters to ascertain important building envelope
information. This project scanned buildings at U.S. Marine Corps Base
Camp Lejeune, NC (ASHRAE Climate Zone 3) to determine the amount of
energy being lost at that base due to energy inefficient building envelopes.

Over 2500 distinct building feature components were identified across vari-
ous buildings throughout the base. These features were categorized by type
and surface temperature to provide an in-depth look at the energy efficiency
of each building’s envelope. This quantified analysis showed that Camp
Lejeune could save over $100,000 per year by implementing ECMs outlined
in this report. The total investment would be less than $1 million, but would
allow the base to save nearly $1.7 million over the lifetime of the measures
with a simple payback period of less than 9 years.

This research shows that the use of this technology at Camp Lejeune yields
a positive return on investment (ROI). These results are qualified by the fact
that Camp Lejeune is located in American Society of Heating, Refrigerat-
ing, and Air-Conditioning Engineers (ASHRAE) Climate Zone 3. Installa-
tions located in colder ASHRAE climate zones (i.e., those with higher
“zone” numbers) tend to yield higher potential savings thresholds. The
long-term vision of this work is to help the DoD reach its goal of saving en-
ergy across all military installations by identifying the best candidate in-
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stallations for energy-saving improvements to building envelopes, i.e.,
those with the highest potential savings. It would be possible to combine
that priority list with information on optimal building stocks and portfoli-
os of cost-effective improvements to equip the DoD to save millions of dol-
lars in energy loss.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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1.1

Introduction

Background

According to the FY2012 Base Structure Report, the Department of De-
fense (DoD) has an existing inventory of 298,897 buildings comprising
2,300 million sq ft. These buildings represent almost every known facility
type and range in age from recently constructed buildings to historic
buildings more than 100 years old. The size and diversity of this building
inventory makes it very difficult to identify and prioritize opportunities to
improve building envelopes to reduce energy losses to the exterior ambient
environment. It also makes it difficult to verify that building envelope re-
pair/improvement projects have achieved their desired results.

Many Air Force installations are on a scale comparable to villages or small
cities, with hundreds or thousands of facilities of various types and ages.
Quality and condition of the building envelopes typically range from good
to very poor. For most installations, there is significant opportunity to re-
duce installation energy consumption by identifying and prioritizing op-
portunities to improve the thermal performance of building envelopes.

Many installations have used infrared thermography as a tool to help iden-
tify buildings that have significant energy loss through the building enve-
lope and to pinpoint specific problems on existing building envelopes that
might be good candidates for repair or improvement. The U.S. Army Corps
of Engineers (USACE) requires infrared scanning of newly constructed
buildings prior to turnover to the customer. Unfortunately, although the
current state of the handheld thermography technology produces reasona-
bly good results, it is very time consuming to implement. Due to the num-
ber of facilities at most Air Force installations, it would be a formidable
task to scan more than a small fraction of the facilities. Post-scanning
analysis is also very time intensive and highly dependent on the skill of the
individuals operating the infrared (IR) camera and interpreting the data.
As a result, handheld infrared scanning and analysis methods are too time
consuming, not cost-effective for large numbers of buildings, and may
yield questionable results.
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This project demonstrated a capability to quickly diagnose the condition
and thermal performance of building envelopes using Kinetic Super-
Resolution Long-Wave Infrared (KSR LWIR) thermography to help the
U.S. Marine Corps (USMC) identify and implement opportunities to im-
prove the thermal performance of its existing building inventory. The work
was conducted at Camp Lejeune, NC. It demonstrated a method of rapidly
scanning and analyzing many facilities in a few hours which is far more
efficient and cost effective than current methods involving manual infra-
red thermographic scanning and analysis of facilities. This method pro-
duced an accurate and actionable assessment of the assessed installations’
facilities that will allow Camp Lejeune civil engineers to optimize use of
their limited funds to repair or upgrade building envelopes to reduce in-
stallation energy consumption.

Many installations have used infrared thermography as a tool to help iden-
tify buildings that have significant energy leakage through the building en-
velope and to pinpoint specific problems on existing building envelopes
that might be good candidates for repair or improvement. USACE requires
infrared scanning of newly constructed buildings prior to turnover to the
customer. Unfortunately, although the current state of the handheld ther-
mography technology produces reasonably good results, it is very time
consuming to implement. Due to the number of facilities at most DoD in-
stallations, it would be a formidable task to scan more than a small frac-
tion of the facilities. Post-scanning analysis is also very time intensive and
very much dependent on the skill of the individuals operating the IR cam-
era and interpreting the data. As a result, handheld infrared scanning and
analysis methods are too time consuming, not cost-effective for large
numbers of buildings, and may yield questionable results.

Objectives

The objectives of this demonstration were to:

e Validate. This project validated a method of rapidly and cost effectively
scanning and analyzing large numbers of building envelopes, quantify-
ing energy losses, and prioritizing energy leaks for cost-effective repairs
or improvements.

e Provide Findings and Guidelines. This project demonstrated a process
by which Civil Engineers can cost effectively evaluate large portions of
their building stock to determine the overall condition of their building
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envelopes and identify opportunities to repair or improve the enve-
lopes to reduce unnecessary energy losses and improve overall energy
efficiency.

Accomplish Technology Transfer: The Essess imaging rig was de-
ployed based on a licensing model so there was no turnover of hard-
ware, software, or intellectual property to the Government. However,
Air Force installations can access this technology by directly contract-
ing with Essess.

Facilitate Acceptance: This technology is currently marketed as a ser-
vice to the utilities industry. Essess supports the energy conservation
programs of utilities by performing drive-by scanning of large portions
of their service areas. This can entail performing scans of tens of thou-
sands of residential or commercial structures. The system software au-
tomatically analyzes the thermal imagery and provides a custom report
for each building that recommends cost-effective measures to improve
comfort, save energy and lower utility costs. In some cases, the utilities
may offer the homeowners subsidies or incentives to motivate adoption
of recommended measures. Essess may also perform follow-up scans
several months after an initial scan to verify that homeowners actually
made improvements for which they claimed a credit. In a similar fash-
ion, this technology is a useful tool that can help USMC Civil Engineers
evaluate the effectiveness of building repair and renovation projects,
and determine if the energy performance of new buildings complies
with design requirements.

1.1 Regulatory drivers

USMA Civil Engineers face a major challenge of complying with numerous
Executive Orders (EO), statutes and DoD/Air Force policies mandating
energy consumption reductions in a business climate of reduced installa-
tion budgets and manpower. Use of this demonstrated technology may
help USMC Civil Engineers comply with the following regulatory drivers:

EO 13423 (2007), Strengthening Federal Environmental, Energy, and
Transportation Management. This EO requires Federal agencies to
reduce energy use by 20% below their 2003 baseline energy consump-
tion. Reduced energy losses through building envelopes will help in-
stallations move toward their energy reduction targets.

EO 13514 (2009), Federal Leadership in Environmental, Energy and
Economic Performance. This EO mandates that all new construction,
major renovations, or repairs/alterations of Federal buildings comply
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with the implications of The Guiding Principles for Federal Leadership
in High Performance and Sustainable Buildings (Guiding Principles).
The Guiding Principles focus on the following five topic areas for both
new construction and major renovations:

1. Employ integrated design principles (new construction)/Employ
integrated assessment, operation, and management principles
(existing buildings)

Optimize energy performance

Protect and conserve water

Enhance indoor environmental quality

Reduce environmental impact of materials.

oD

Of these topic areas, the first two might be applicable if the results of a
thermographic survey provided an impetus to execute a major renova-
tion of one or more existing buildings.

Energy Independence and Security Act of 2007 (EISA 2007) requires
Federal agencies to conduct and document an energy survey of 100% of
their “covered facilities” every 4 years. Although a thermographic sur-
vey by itself would not satisfy the EISA 2007 energy survey require-
ments, it would improve the overall quality of an EISA 2007 survey by
providing a quality assessment of the condition of building envelopes.

The U.S. Air Force Energy Strategic Plan (March 2013) states that the
Air Force is pursuing a net zero posture for installation energy and wa-
ter to help achieve the Federal goal of zero net energy by 2030 for all
new facility construction and alterations.

Use of this technology may help Air Force Civil Engineers to reduce
overall energy use and maximize energy efficiency by identifying and
remediating significant energy leaks in existing buildings as part of
their operations and maintenance (O&M) program. It may also help in-
stallation planners by helping them recognize buildings with such poor
building envelopes that a major renovation or outright replacement of
the building would be warranted.

Approach

The objectives of this work were accomplished in the following steps:

1.

A Kickoff phonecon was conducted with Energy Managers at Camp Lejeu-
ne, NC on Thursday, 6 February 2014.

Scanning activities at Camp Lejeune were conducted from 10-14 February
2014.
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1.4

3. Collected data were imported into a secure data storage system located at
the contractor’s headquarters facility, where the import agent program ran
a more rigorous data quality filter. Appendixes to this report contain the
following supplemental data:
a. Appendix A: Health and Safety Plan
b. Appendix B: Points of contact
c. Appendix C: Analysis of building components at Marine Corps Base
Camp Lejeune, NC
d. Appendix D: Detailed Analysis for 30 Buildings at Marine Corps Base
Camp Lejeune, NC
e. Appendix E: Remediation Cost Estimates
f. Appendix F: Collected Data Sample
4. The results were analyzed, conclusions were drawn, and installation-
specific recommendations were formulated.

Scope

Although the results of this work pertain specifically to Camp Lejeune, NC,
the technology is considered broadly applicable to all USMC installations.

Mode of technology transfer

This work demonstrated a capability to quickly and cost effectively per-
form and analyze scans of USMC installations to identify and prioritize
candidate buildings that might benefit from building envelope re-
pairs/improvements. The resulting data will help USMC Civil Engineers to
improve the energy performance of their facilities, to reduce energy con-
sumption and utility costs, and to meet mandated energy reduction goals.
This project did not transfer hardware, software, or intellectual property to
the Government. However, Air Force installations can access this technol-
ogy by directly contracting with Essess.
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2.1

Technology Description

Technology overview
2.1.1 Description

Long-wave infrared (LWIR) cameras are regularly used in conjunction with
building audits to identify thermal leaks in building envelopes. Referred to
as “infrared thermography,” the technology allows the observer to “see” heat
escaping from (or entering) specific areas of buildings. Because objects emit
LWIR radiation in wavelengths that vary with their temperature, infrared
thermography can help detect problems invisible to the naked eye, includ-
ing missing, damaged, or improperly installed insulation within walls and
roofs, thermal bridges, poor seals, etc. For example, most thermal bridges
have a distinctive spatial signature that yields a thermal image with relative-
ly uniformly warm areas surrounded by relatively uniformly cooler areas,
separated by a very steep temperature gradient. This data, captured from
the street, can be used to locate thermal leaks, determine their extent and,
after analysis, their probable underlying cause(s).

Essess is a hardware and software technology company that has developed
drive-by thermal imaging capabilities that enable public utility and Gov-
ernment clients to identify energy waste in buildings at an unprecedented
scale. In the context of utility projects, the thermal images can be leveraged
to deliver the Thermal Analysis Program (TAP), an energy efficiency pro-
gram that helps public utilities meet mandated state energy efficiency goals
by guiding building owners through the process of remediating sources of
energy waste. For Government and military projects, the thermal images
enable the system to generate a complete analysis of energy waste across the
entire building stock, empowering Government and military clients to allo-
cate energy efficiency investments and resources optimally and with greater
confidence around the return on investment (ROI).

For military installations, Essess focuses on building envelope analysis and
actionable recommendations based on envelope ECMs. A single thermal
imaging rig can analyze thousands of buildings in a single night depending
on building density and other factors, enabling the system to deliver ener-
gy waste intelligence at an order of magnitude greater scale than current
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approaches. The patent-pending technology stems from cutting edge re-
search conducted in the Field Intelligence Laboratory at the Massachusetts
Institute of Technology (MIT).

This drive-by system uses specially equipped vehicles operating on streets
and roadways to capture a 3D thermal video of the surrounding environ-
ment. The actual imaging system is a custom-designed multi-sensor rig
mounted on the roof of the vehicle. As the vehicle drives, the imaging rig
captures the scene on both sides of the car, enabling the system to image
large geographic areas each night. The images are stored onboard the ve-
hicle using a custom-built data recording system and then processed at Es-
sess’ headquarters in Boston, MA. Before analysis, the data are uploaded
to Amazon Web Services (AWS) servers housed in nondescript facilities.
AWS data centers have industry leading security to ensure the data are
protected by military grade perimeter control with state of the art intru-
sion detection systems.

In an IR thermal image, the brightness of an area indicates its relative en-
ergy loss. The brighter the area, the more energy is escaping. Common im-
age patterns demonstrating substantial energy waste include bright yellow
lines where siding meets a roof or a chimney, bright yellow or orange auras
near foundations, and yellow auras or lines along window or door edges or
around soffits. By contrast, a properly insulated building area will appear
darker than the surroundings, most commonly blue or purple.

In the context of public utilities, this technology has the capability to gen-
erate complete thermal scans of entire utility service territories in a matter
of days or weeks. This kind of unprecedented territory-wide analysis
would take months or even years using traditional audits, and would likely
be prohibitively expensive. This improved thermal scan methodology not
only achieves this scale of operation more efficiently and cost effectively,
but also with improved accuracy and reliability. While certain information
can only be obtained through an in-home audit, the drive-by Thermal Im-
aging System provides comparable intelligence at an order of magnitude
lower cost. Similar results can be expected for buildings on large Govern-
ment installations. This kind of intelligence is invaluable in determining
the buildings that follow-on auditors should survey and also as a pre-
diagnostic to make the best use of the auditors’ time on site.
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2.1.2 Components of the system

The drive-by thermal imaging vehicles are equipped with the following
components:

Multi-spectral infrared imaging of structures, including:

o Long-wave infrared (LWIR) radiometric cameras

0 Near infrared (NIR) high dynamic range cameras

0 NIR scene illumination for rural and poorly lit suburban regions

o Capture of thermal signatures of structures

Building facade discovery and background removal capabilities using

computer vision and machine learning engines

A camera housing offering 70 degree vertical field of view and full

width horizontal field of view of structures due to vehicle motion

Automated building detection capability within property boundaries,

facilitated by:

0 Arrotating laser array light detection and ranging (LIDAR) sensor
which captures ranging and reflectance even from large standoff
distances

0 A capability to isolate buildings from the scene using 3D LIDAR
point clouds

0 A-ranging capability which allows structures to be bounded within
property lines and relevant locations

0 A mapping grade Global Positioning System (GPS) and support fil-
tering algorithms which ensure highly accurate location of struc-
tures and properties

Collected data used in simultaneous localization and mapping (SLAM),

which allows the system to supplement the GPS data captured and

more accurately correlate each image to the relevant building.

Highly reliable onboard data capture and diagnostics system, which

includes:

0 Onboard data validation and recording software and hardware

0 Real-time diagnostic and quality control provided by LTE cell net-
work streaming to Essess headquarters

0 A system that performs over a wide range of seasonal temperatures,
down to at least -30 °C and up to above 40 °C

A high mast that enables operation in a variety of regions, including

short standoff distances with 3-4 story buildings.
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Combined, these hardware and software capabilities constitute a highly
effective way to capture heat loss and building envelope data via drive-by
thermal imaging (Figure 2-1). Each camera captures data in a video for-
mat, meaning that the drive-by system generates hundreds of thousands of
images comprising over 2 terabytes of data each night. The LIDAR sensors
(Figure 2-2) enable the system to generate a 3D map of the physical envi-
ronment and map buildings to parcels in a highly accurate manner. The
proprietary hardware and software configuration enables the system to
capture vast amounts of data and subsequently process that data in a very
efficient and automated manner.

Figure 2-1. Specially equipped Essess scanning vehicle.

Figure 2-2. Contractor-developed scanning rig including GPS, long-
wave infrared, near infrared and LIDAR instrumentation.
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2.1.3 Comparison to existing technology

This technology is similar to handheld infrared scanning technology in that
both methods use infrared photographic methods. Unlike handheld meth-
ods which record still images, this process captures video infrared images.
This method combines video data with GPS data, LIDAR data, and GIS data
(e.g., building size, building age, envelope materials) to permit rapid data
analysis, including quantification and prioritization of envelope energy
leaks and an analysis of cost-effective methods of repair and improvement.
Essess normally acquires GIS data from private companies. For military
projects, GIS data are acquired from the installation being scanned (billing
was provided). Because this is a video process, it is capable of scanning
many buildings in a short period of time. Handheld infrared imaging meth-
ods would require many work-hours to achieve the same results.

2.1.3.1  Future potential for USMC.

This technology may prove to be a useful aid in operations and mainte-
nance of facilities and in installation planning. Energy leaks identified us-
ing this technology can be analyzed and prioritized for the most effective
use of O&M dollars. An installation’s inefficient facilities can be identified
and a cost associated with their condition can be used in prioritizing build-
ings for repair, major renovations or outright replacement.

2.1.3.2 Anecdotal Observations.

The heat map of thermal imaging data collected from Cambridge, MA
(Figure 2-3) shows a distribution of blue (efficient building envelopes) and
red (inefficient building envelopes) buildings. In certain cases buildings of
similar vintage, square footage, location, and style have very different en-
velopes in terms of energy efficiency. This suggests that there are numer-
ous instances where thermal imaging data may very well be the main dif-
ferentiating factor in determining building envelope quality between two
otherwise similar structures even for cases where only one side of the
building is visible from the street.
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Figure 2-3. Building envelope efficiency map of over 17,000 buildings in Cambridge, MA.

2.1.4 Energy analysis architecture

This “Essess Energy Analysis Architecture” is a unique hardware and soft-
ware approach which develops very specific remediation recommenda-
tions to increase building energy efficiency. In the context of work in sup-
port of public utilities, it begins by combining scanning data with GIS data,
public property records (for private sector residential buildings), and in-
formation on construction material properties, and produces building-
specific energy reports and/or a region-wide energy analysis.

After the system scans a specific area, each scanned building is matched
with its corresponding address or geographical location (latitude and lon-
gitude). Once a building has been detected and correlated to the correct
address or building number, the construction material library, a database
containing information on the emissivity of various types of materials, is
used to differentiate, for example, a building’s window from a door. This
phase is referred to as “building component detection.” It allows the algo-
rithms to identify windows, doors, and other features of the building. Once
a building and its building components are detected, those data are used to
build a model to automatically detect similar buildings and similar build-
ing components in comparable datasets. These data are combined with a
Remediation Model to automatically detect the building components that
may need attention, and with a Climate Model to determine the weather-
related variables of the scanning data. The Building Model, the Remedia-
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tion Model, and the Climate Model are then used to develop a Conductive
Heat Transfer Model to identify conductive leaks, a Convective Heat
Transfer Model to identify convective heat loss, and a Radiative Heat
Transfer Model to identify thermal radiation heat loss. The Conductive,
Convective, and Radiative Models provide heat loss data that can then be
combined with fuel prices, and labor and materials costs in the Financial
Model. The Financial Model quantifies the energy loss and the potential
dollars that can be saved by preventing the identified heat loss. Correlating
the potential savings to specific fixes (Remediation Recommendation
Model) allows the system to recommend the energy efficiency remedia-
tions that have the best ROI.

Figure 2-4 shows the Energy Analysis Architecture breakdown.

Figure 2-4. Schematic breakdown of the Essess Energy Analysis Architecture.
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2.2

2.3

Technology development

Essess is unique in the thermal imaging space as it is the only company in
the world with the ability to scan thousands of buildings using a proprie-
tary hardware device comprised of multiple sensors and a capability to
process and analyze that data in a completely automated way. The hard-
ware, which is comprised of the physical sensors on top of the vehicle, and
the software which processes and analyzes the collected data are both
based on research conducted at the Field Intelligence Lab at the MIT. Dr.
Sanjay Sarma, Professor of Mechanical Engineering, recruited leading sci-
entists and thought leaders to study the viability of remote, high-
throughput thermal imaging at scale and develop techniques for identify-
ing and assessing energy waste on a large scale.

The practical applications of high-throughput thermal imaging were re-
searched and studied for multiple years before a prototype was built. The
first imaging rig was tested in Cambridge, MA, and the data were analyzed
to create a heat map overview of the city, as shown in Figure 2-3. The rapid
scanning methodology and processing of imaging data were also demon-
strated at Fort Drum, NY in February 2011.

After years of research and development and millions of dollars invested,
Essess developed the current imaging rig which uses cutting edge technol-
ogy to gather terabytes of data on a nightly basis. The custom hardware is
augmented by advanced software algorithms that process the data. The
system uses advanced machine learning and computer vision algorithms
to scale up thermal imaging and processing to overcome the small-scale
limitations of traditional infrared thermography which uses handheld
cameras and requires manual analysis of each individual image.

Advantages and limitations of the technology
2.3.1 Performance advantages

This technology may improve energy efficiency by enabling USMC Civil
Engineers to cost effectively scan and analyze most or all of the building
envelopes on their installations to identify and prioritize the most signifi-
cant energy leaks and to implement measures that repair or improve exist-
ing building envelopes or identify and prioritize buildings that warrant
major renovations or outright replacement. With handheld thermography
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methods, it would be too costly and time consuming to perform infrared
scans and analyze the data for large numbers of buildings.

2.3.2 Cost advantages

For large sets of buildings, this technology should be much more cost-
effective than traditional handheld methods of performing infrared ther-
mography scanning and analysis of buildings. Handheld IR scanning
methods are much more time consuming, resulting in significant added
labor costs.

2.3.3 Performance limitations

This technology is limited to scanning the street sides of buildings. As a
result, for most buildings, four sides of the buildings will not be scanned.
Two or three sides are typically scanned depending on the orientation of a
building relative to the street. This technology is also limited by the re-
quirement to have a minimum AT between building interior and exterior
ambient temperatures of at least 20 °F, so scanning must occur when
nighttime temperatures are below 50 °F. This limits application of this
technology to regions where there is at least 1 week of the year in which
nighttime temperatures are below 50 °F. Most regions of the United States
fall within this boundary condition. Adjustments are made for empty
buildings or buildings where there is no internal heating and no way of
knowing the internal temperature setpoint (discussed in Section 4.3.3).
This technology is somewhat hindered by trees, bushes and other obstruc-
tions that might partially obscure a clear view of a building’s envelope
from the street. However, the automated data processing pipeline devel-
oped by Essess to take the scanned data and prepare it for a report format
corrects for these kinds of obstructions in a number of ways that have been
tested by Essess.

2.3.4 Cost limitations

There is a lower limit of the number of buildings that can be cost effective-
ly scanned and analyzed by this method. Below this limit, it is more cost-
effective to identify and analyze building envelope energy leaks by another
method. This demonstration sought to determine this cutoff point. As ref-
erenced in Table 1, Performance Objectives, the average cost for perform-
ing a handheld thermal audit on a 5,000 sq ft commercial building is ap-
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proximately $1000 (or $0.20 per sq ft). Considering Essess charges ap-
proximately $200,000 per installation, it would be beneficial to perform
an Essess scan for any installation that has at least 1 million sq ft in build-
ings (determined by adding the individual square footage of each building
scanned). For perspective, over 4.2 million sq ft of buildings were scanned
at Camp Lejeune.

It was also considered desirable to document the cost structure of this tech-
nology to help USMC Civil Engineers determine how the technology might
fit within the constraints of their business process. For example, this tech-
nology is able to capture scan data on hundreds or thousands of buildings in
a very short period of time such that very large installations could be
scanned within a matter of days. The resulting marginal cost of scanning
buildings is relatively inexpensive. However, the process of analyzing scan
data to identify and prioritize energy leaks is more challenging and has a
significantly higher marginal cost. Since both of these processes must be
done together to provide a military installation with actionable results, doc-
umenting the cost structure for these services will help Facilities Engineer
determine how they might benefit from Essess thermal imaging.

2.3.5 Social acceptance

There were no problems associated with social acceptance by installation
staff. This technology had little or no impact on the activities or processes
of the installations. On-site activities were conducted at night when very
few installation operations were occurring. The only burden placed on in-
stallation personnel was the need for them to provide installation GIS data
and energy data for analysis requirements. The GIS data were a necessary
component of the scanning process as they allowed Essess to correlate the
scanned image of a building with the building’s exact geographical loca-
tion. The energy data allowed Essess to calibrate the results of the thermal
envelope analysis.
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3.1

3.2

Facility/Site Description

Facility/site selection criteria
3.1.1 Geographic criteria

The mobile scanning technology is relevant to climate zones where the
heating season AT (indoor to outdoor temperature) can be expected to be
at least 20 °F during the building scanning period. As a result, this tech-
nology may not be applicable to certain regions within Climate Zones 1
and 2. This demonstration selected installations in Climate Zones 3, and 4,
with the potential for Zone 5. Also, installations were chosen that had a
large number of significant buildings from which to select. The technology
is also capable of capturing data during cooling season as long as the AT
(indoor to outdoor temperature) is 20 °F.

3.1.2 Facility criteria

This demonstration worked with the installations to select buildings typi-
cal of modern installations. Buildings selected included command head-
guarters, dormitories, training facilities, admin facilities and similar large
buildings. At each installation, a minimum of 250 buildings were scanned
and a detailed analysis of 30 buildings, selected by the installation, was
performed.

3.1.3 Facility representativeness

The installations selected are very large and had a full range of facility
types and buildings of various vintages. The buildings and building types
at the selected installations were quite representative of buildings that
would be found at other military installations.

Facility/site location and operations
3.2.1 Demonstration Site #2: Camp Lejeune, NC

Camp Lejeune is a 246-sg-mi U.S. Marine Corps training facility located
along the Atlantic Coast in Jacksonville, NC (Figure 3-1). The main base is
supplemented by five satellite facilities: Marine Corps Air Station New
River, Camp Geiger, Stone Bay, Courthouse Bay, Camp Johnson, and the
latest addition to the facility, the Greater Sandy Run Training Area.
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Camp Lejeune is the largest Marine base on the East Coast. The base’s 14
miles (23 km) of beaches make it a major area for amphibious assault
training, and its location between two deep-water ports (Wilmington and
Morehead City) allows for fast deployments. Since the on-site activities as-
sociated with this demonstration were very short term, there was little or
no interaction between this project and normal military activities.

Figure 3-1. Location of Camp Lejeune, NC.
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4.1

Test Design

Conceptual test design
4.1.1 Hypothesis

Compared to using traditional handheld thermography, the demonstrated
drive-by thermal imaging technology gathers energy efficiency infor-
mation from the building stock in a manner that is faster, more cost-
effective, and easier to scale.

4.1.2 Independent variable

The main independent variable being tested was the KSR LWIR imaging
and analysis process.

4.1.3 Dependent variable(s)

Dependent variables measured included emissivity, building type, building
square footage, and scene occlusion. Other variables tested during the
demonstration process included:

e Scanning time (scanning time using a mobile imaging system versus
scanning time using a handheld thermal camera to determine scalabil-
ity in terms of time)

e The effects of resolution when scanning with the imaging rig versus
scanning with a handheld camera to determine importance of image
quality

e Scanned image quality from varying distances (specifically 20 meters,
50 meters, and 100 meters).

4.1.4 Controlled variable(s)

Controlled variables included the pre-selection of building types of similar
size and building materials for scanning and analysis by both the drive-by
and the handheld methods. Both scanning methods were conducted sim-
ultaneously to ensure identical temperatures and weather conditions dur-
ing scanning operations.
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4.1.5 Test design

The demonstration of the long-wave infrared (LWIR) imaging technology
took place during February and March 2014. Multiple buildings were
scanned at Camp Lejeune, NC using the thermal imaging rig. Six buildings
were scanned at the installation using both the drive-by scanning rig and a
traditional handheld thermal camera to set up the comparative analysis
between the two methods of thermal data gathering. Note that the conven-
tional handheld analysis was carried out under the same weather and
temperature conditions as the mobile imaging scan to ensure that the data
being captured was comparable. All attempts were made to tightly monitor
the controlled variables for both the imaging rig and the handheld scans.
The scanning process began 2 hours after sunset and concluded 30
minutes before sunrise on nights with temperatures below 50 °F. The im-
aging rig captured and recorded data on hard drives that were mailed back
to Essess headquarters for processing. Images were analyzed with respect
to energy loss via infiltration, damaged building components, inadequate
insulation, and thermal bridges. The imaging data was combined with GIS
information, LIDAR data, and other building data. Note that thermal im-
ages taken with a handheld camera were not processed by automated
methods, but were (necessarily) visually analyzed by a human auditor,
which makes the process less efficient and more difficult to scale.

4.1.6 Test phases

4.1.6.1 Phase 1

Tests were done to determine whether the mobile LWIR imaging could
collect building envelope efficiency data faster than traditional handheld
thermography without compromising the quality of the diagnostic data by
customizing the imaging rig specifically for gathering data on a military
installation. For example, a distortion map was created for NIR cameras,
the NIR illuminator was adjusted for imaging buildings further back from
the street than typical residential homes, the sweeping LIDAR was config-
ured to compensate for poor street information, and the onboard GPS
units were configured for optimal imaging in areas with low satellite ac-
cess. The viewing angle for the entire hardware device was adjusted to op-
timally capture buildings larger than a typical residential home. A custom
logistics dashboard was also created and tested to allow the logistics team
to efficiently validate data being captured across the military base. The val-
idation is important as it allows the driving team operating the vehicle to
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see the data being captured through the onboard monitor. A handheld
thermal imaging camera was also used. The LWIR cameras converted
camera output data from pixel values to temperatures. Other subtasks in-
cluded optimizing imaging hardware based on potential building materials
to be encountered on military installations; finalizing the logistics plan for
the Imaging Team, coordinating base access and finalizing paperwork for
clearance; and training Data Collection Technicians on using the onboard
logistics dashboard.

4.1.6.2 Phase 2

The contractor drove to the specific military installations and scanned the
installations using the imaging vehicle, and captured data using the
handheld camera for a subset of the buildings scanned by the imaging ve-
hicle. The contractor set up comparative tests to determine the quality of
data collected from the mobile imaging process relative to the data collect-
ed from the conventional thermal imaging method. For example, a data
guality test was conducted to determine the difference between gathering
the street-view of a building versus capturing all sides with a manual cam-
era. The captured data were verified through manual curation, and The
contractor worked with on-base facilities managers at each base to access
GIS and energy information. The contractor customized an analysis pipe-
line for post estimation and converting raw images to temperature images
and data processing. The data were processed to match images to both ve-
hicle GPS data and GPS data gathered from the military installations. After
this, the captured data were correlated to building information obtained
from the military installations. Further analysis was focused on building
materials and correlated thermal inefficiencies to the areas imaged. The
processing pipeline was configured to calculate energy scores for scanned
buildings and determine the least efficient buildings. The results were
published through an automated system that could be visualized using a
front-end tool to manually verify building issues.

4.1.6.3 Phase 3

The contractor used the Drive-by Visualization Application to identify build-
ings that required further analysis and also provided the application to the
installations to downselect a subset of 30 buildings for detailed analysis.
The Drive-by Visualization Application was an online platform that dis-
played the thermal imaging video, a map of the base, and a list of the build-
ings selected for further analysis. The user then selected or unselected a par-
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4.2

ticular building for analysis. The gathered data from the handheld scanner
were analyzed to provide a detailed comparative analysis.

4.1.7 Fundamental problem

Collecting useful building envelope energy efficiency data using traditional
auditing methods is slow, costly, and difficult to scale. The demonstrated
technology creates a new way to collect and analyze building envelope en-
ergy efficiency data, and augments (and in certain cases completely re-
places) manual handheld audits of the building’s envelope.

4.1.8 Demonstration question

Can mobile thermal imaging collect building envelope energy efficiency
data faster and more cost effectively than traditional handheld thermogra-
phy without compromising the quality of diagnostic information being ac-
quired?

Baseline characterization
4.2.1 Reference conditions

The following data were collected for Camp Lejeune: building footprints
(in the form of GIS polygons), parcel footprints (in the form of GIS poly-
gons), address points, address metadata, energy consumption data (gas
and electrical, only available for certain buildings) for multiple years for
each metered building, building vintage (only partially available build-
ings), and building size (only partially available).

Data collected by the imaging rig on scanning nights included: ambient
temperature, ground temperature, sky temperature, and precipitation lev-
els

Camp Lejeune was able to provide GIS data. Energy data were not availa-
ble for all buildings scanned.

4.2.2 Baseline collection period

The data for Camp Lejeune were collected over the period of 10-14 Febru-
ary 2014. Data were collected on nights where the temperature and weath-
er conditions were conducive to thermal imaging. Handheld thermography
images were captured on the same nights.
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4.3

4.2.3 Existing baseline data

Given the nature of the technology and this demonstration, there was no
baseline data for comparison purposes.

4.2.4 Baseline estimation

The cost of conventional handheld infrared thermography was estimated
based on the cost of equipment and the market rate of skilled labor to per-
form the analysis. Measurements of selected buildings were taken with
handheld infrared cameras to create a baseline to compare with the results
from the vehicle-mounted rig.

Design and layout of system components
4.3.1 System design

The thermal imaging rig combines several commercial off-the-shelf
(COTS) sensors with custom electronics, software and environmental
housing to record data samples:

Trimble A3000 DR+GPS

Velodyne HDL-32e 3D LIDAR

(4) FLIR A65 Thermal imaging cameras

(2) Allied Vision Technologies Manta G-283B Camera
SICK LMS111-10100 2D LIDAR.

The Trimble GPS along with the front facing SICK LIDAR were used to
continuously estimate the position of the car during the scanning pro-
cess. The Velodyne LIDAR was used for 3-D reconstruction of buildings
and other structures. The Manta cameras were used with the computer vi-
sion system to detect near infrared features. Thermal measurements were
made with the FLIR long-wave infrared cameras. The data produced by
these systems were recorded to a mirrored set of hard drives, and were
post-processed using computer vision, machine learning, and thermal
analysis algorithms to generate actionable envelope intelligence.

4.3.2 System layout

Figure 4-1 shows the multi-sensor imaging hardware. The GPS antenna
maps the location of the car, the LIDAR creates a dense pointcloud to de-
termine the 3-D landscape, the long-wave infrared (LWIR) cameras meas-
ure heat, the near infrared (NIR) cameras are able to detect building fea-
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tures similar to what someone might see through a night vision camera,
and the NIR illuminator acts as a floodlight for the NIR camera.

Figure 4-2 shows a schematic outline of the proprietary Thermal Imaging
System.

Figure 4-3 shows a snapshot of the user interface for the onboard data
capture and diagnostic system interface that allows an imaging technician
to validate the data as they are collected.

Figure 4-1. Essess’ multi-sensor imaging hardware.
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Figure 4-3. User interface for the onboard data capture and diagnostic system.

Figure 4-4 shows a very general overview of some of the key steps in the
data processing pipeline, including:

High Speed Storage. Each imaging vehicle captures several terabytes
of data per night, which are stored in the Customized Vehicle Data
Storage System.

File Expansion and Compression. The compressed data are extracted
from the hard drives to begin processing and analysis.

Vertical Stitching. The vehicle is equipped with two LWIR cameras on
each side of the imaging device and each camera captures a part of the
scene as the vehicle passes by. To get a robust, vertical image of the
scene, data streams from the two cameras are stitched together using
proprietary algorithms.

Geo-location. All of the data from the GPS units are analyzed and then
combined with LIDAR information to adjust for any external noise or
loss of satellite signal.
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Building Matching. Once the GPS data are processed and analyzed,
they are matched up with the relevant thermal images for each building
imaged.

Horizontal Panorama. As the data are captured frame by frame, there
may be tens or hundreds of individual images, each showing a small
part of the entire scene. To get a seamless panorama of an entire build-
ing, the frames must be stitched together.

Figure 4-4. General overview of the Essess data processing pipeline.

Energy Scoring. Once the images are extracted, vertically stitched, cor-
related with the relevant address, and horizontally grouped, they are
analyzed to convert the thermal reading into an energy score. This en-
ergy score is relevant to each data set and allows for one building to be
compared to a different building within the same data set.

Leak Detection. The images are also analyzed for potential building en-
velope leaks.

Low Speed Storage. All of the raw data are then placed in low speed
storage.

Database. The analyzed and processed data are stored in a database.
Customers can then access this data using web applications layered on
top of the database.
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4.3.3 Heat flux calculation methodology
4.3.3.1  Calculating heat flux

Heating energy losses (Figure 4-5) due to conduction through walls, roofs,
windows, doors, and soffits were calculated by the equation:[

Qna=4-U- (Tin — Tour) (4-1)
where:
Qna = Total hourly rate of heat loss through surface in Btu/hr
u = Overall heat transfer coefficient of surface in Btu/hr-ft2-°F
A = Net area of surface in ft2
Ty, = Inside temperature in °F
Toue = Outside temperature in °F.

Figure 4-5. Heat flux (Btu/hr).

This analysis focused only on heat loss and assumed an indoor average
thermostat (T;,,) setting of 69 °F £ 4 °F (65 °F to 73 °F). This is slightly
lower than the actual most likely thermostat setting to account for internal
heat gain due to lighting, electronics, and machinery.

The hourly outdoor temperature (T,,;) was obtained from the National
Climate Data Center (NCDC) Quality Controlled Local Climatological Da-
tabase (QCLCD).

The area of the surface was determined based on the relative size of poly-
gons drawn on the building compared to door polygons (or synthetic door
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polygons when doors are not present). Doors were assumed to have an ar-
ea of 20 sq ft, and were drawn individually so as not to conflate double
doors with single doors.

The U value of elements of the building envelope were estimated based on
their surface material, brightness, and the relationship between the indoor
temperature, the surface temperature, and the outside air temperature.
Specifically, calculations were done to determine the heat loss (radiative +
conductive to the outdoor ambient air) of a material to the outside air as-
suming steady state for that heat flux and the estimated indoor tempera-
ture, then to determine the R value for that portion of the building surface.
The approach taken is described in detail in the subsequent section.

The sensible heat loss from infiltration can be calculated as [2]:

Qh,i =Verm * Pair ” Cp : (Tin - Tout) - 60 (4-2)
where:
Qn; = sensible heating load from infiltration in Btu/hr
Verm = volumetric air flow rate in cubic feet per minute (CFM)
DPair = the density of the air in 1b/ft?
C, = specific heat capacity of air at constant pressure in Btu/lIb°F.

The indoor and outdoor temperatures are the same as above. The density
of air (p,;r) 1S, On average, 0.074887 Ib/ft3. The specific heat capacity of air
(Cp) is assumed to be 0.2403 Btu per (°F) (lbs).

The volumetric air flow rate per linear foot of door and window frame
cracks was assumed to be 0.52 CFM on average for a pressure differential
of 75 Pascals, with a standard deviation of 0.4 CFM and a minimum of
0.01[3, 4, 5, 6]. At an average interior to exterior pressure differential of
10 Pascals, this translates into a mean CFM of 0.14, based on the function-
al relationship between air flow and pressure [3]:

Q = C(AP)*® (4-3)

The volumetric air flow rate of any given foot of leaks was estimated based
on its relative emissivity compared to the mean of all observed windows and
doors with the assumption that the distribution of leaks at both bases
roughly matches that found in the literature [3,4,5]. Windows and door-
frames were tagged separately from the window glass or door material, and
the linear feet of cracks were estimated based on the dimensions of the
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frame relative to the door reference described previously. The mean emis-
sive cracks were assigned an estimated value of 0.14 CFM; the 95t percen-
tile of emissive cracks was assigned an estimated value of 0.36 CFM.

Total heating losses can be calculated as the sum of conductive and con-
vective heating losses, adjusted based on the efficiency of the heating
equipment. Assuming a natural gas space heating system with an average
fuel use efficiency (f;,e) 0f 70% per the Illinois Technical Reference User
Manual (TRM) default assumption for existing systems in commercial
buildings [6], total heating losses (in therms per hour) were calculated as:

_ QnatQni 1 )
cherms - fafue 99,976 (4 4)

Total cooling losses were estimated as the sum of conductive and convec-
tive cooling losses, with a typical Seasonal Energy Efficiency Ratio (SEER)
of 10 Btu/watt-hour (f;..,) per the typical value of existing equipment in
the TRM [6]:

_ Qc,d"‘Qc,i 1

Ciown, = 226t (4-5)

fseer 3,412

Figure 4-6 shows an example of the results of this approach for a charac-
teristic brick wall. For the time being, energy losses due to latent heat were
excluded from this analysis. The analysis assumes a cost per kWh of
$0.056 and cost per therm of $0.59.

Figure 4-6. Brick wall cost.
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4.3.3.2 Inferring R-values

R-values were inferred by using a conservation of energy principle to as-
sume that all energy leaving the surface of the material is matched by the
energy flowing through the material. If the system is at steady state, the
heat flowing through the material is equal to the heat leaving the material
surface:

Qthrough = Qexit (4-6)

Where qinrougn is the heat flux through the material (inside the building to
outside) and q.,;; is the heat flux leaving the material and escaping into
the atmosphere. The leaving heat flux can be split into two components:
radiation (beaming photons) and conduction (warming up the film of out-
side air that touches the material).

Qexit = Qrad T Gcond (4-7)

The radiation heat flux is:
Qrad = 60—A(T;Lurf - T:ut) (4-8)

where epsilon (€) is the emissivity of the gray body (a description of how

shiny the material is), sigma (o) is the Stefan-Boltzmann constant, area
(A) is the material surface area, surface temp (Ts,,f) is the material’s ex-

ternal surface temperature, and outdoor temp (T,,:) is the ambient out-
door air temperature. Here it was assumed that most objects that are radi-
ating back toward the building material were at approximately the
ambient air temperature.

The exiting conductive heat flow is:
Acona = hA(Tsurf - Tout) (4-9)

where h is the heat transfer coefficient of air.

This exiting heat flux is equal to the heat flux through the material:

(Tin—Tout)A
through = R - (4-10)

where R is the thermal resistance and indoor temp is the indoor air tem-
perature.
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Solving for the thermal resistance:

R‘ — A(Tin—Tout) — A(Tin—Tout) (4_11)

dthrough Gexit

As mentioned previously, this method only produces an unbiased estimate

of R-values in cases where the system is at a steady state. In practice, this
will often not be the case due to residual solar heating of material surfaces
and uncertainties in precision of measured surface temperatures and out-
door air temperatures. Failing to account for these will tend to result in a
systemic underestimate of R-values, and concomitant overestimate of re-
mediation potentials.

To effectively control for these uncertainties, the resulting R value esti-
mates were normalized based on a prior distribution of assumed R-values
in the literature [7, 8] for each component (Table 4-1).

Table 4-1. Current component R-values and new component R-values

Current Component R-Values New Component R-Values

Component Name Min Max Mean St Dev Min Max Mean St Dev
Window - Glass 0.99 2.99 1.69| 0.25 0.99 2.99 1.69 0.25
Door - Wood 1.85 3.7 2.17 0.5 1.85 3.7 217 0.5
Door - Metal 6 15 10 25 6 15 10 25
Door - Glass 1.8 5 25 0.5 1.8 5 25 0.5
Soffit 8 16 12 3 8 18 14 3
Exposed Foundation 6 14 10 2 6 14 10 2
Wall - Brick 8 16 12 3 8 18 14 3
Wall - Stone 6 12 8 2 6 14 10 2
Wall - Siding 6 12 8 2 6 14 10 2
Wall - Concrete 6 12 8 2 6 14 10 2
Roof 10 20 14 3 10 20 15 25
Wall - Thermal Bridge 4 12 8 2 8 18 14 3

Specifically, it was assumed that individual identified components on the
base map to a distribution of current component R-values, such that the
10th percentile of brick walls on the base, would fit the 10th percentile of
the normal distribution of current component brick wall R-values in the
table.

This approach was conducted separately for areas with and without signif-
icant sunlight exposure on the evening of 28 February 28 2014 (e.qg., south
and southwest-facing surfaces between 120 and 300 degrees) [9]. This
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should help control for bias due to residual solar heating, as all surfaces
observed around the same time with the same orientation will have similar
biases. The relatively early cessation of direct sunlight also helps, as sunset
occurred at 15:52.

An additional analysis was done to measure the effect of the imaging time
on the surface temperature of buildings. Figure 4-7 shows the results for
south-facing brick walls, which broadly indicate most other components
observed. Given that the effect of time of observation on resulting surface
temperatures is roughly equal in magnitude to the variation in surface
temperature among buildings sampled, an explicit time-of-observation
correction was warranted, using a simple ordinary least squares de-
trending approach on each combination of building component and orien-
tation to normalize for time of observation.

Figure 4-7. Building surface temperature values over time.
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Additional factors that may introduce bias into the estimate included:

e Unknown Material Types. Currently, the process relies on human cu-
rators to tag the building component with the correct material type. If
this type is wrong, then the model is no longer as accurate. This could
be addressed by additional validation of component material types
against aerial imaging, as well as review by base staff.

e Imprecise Local Temperature. Currently, ambient outdoor air temper-
atures are read from weather station logs, which are precise only to a
single degree Fahrenheit. This introduces some error in the heat flow
model, which is sensitive to temperature values. This could be ad-
dressed by incorporating data from the vehicle-mounted temperature
sensor, or by readings from an on-base weather station.

e Unknown Indoor Temperature. Because it is impossible to read indoor
temperature through the building surface, it must be estimated. In this
work, indoor temperature was estimated using common temperature
values that most people find comfortable, such as 65-73 °F in the win-
ter and 70-78 °F in the summer. This could be addressed by receiving
more information from facility managers regarding indoor summer
and winter thermostat setpoints.

e Uncertain Space Heating and Cooling Efficiencies. There is a range of
potential efficiencies of 60—95% for space heating and SEER ratings of
8 to 18. Lack of detailed information about building-specific heating,
ventilating, and air-conditioning (HVAC) equipment prevented these
estimates from being further refined. Currently, mean estimates, of
85% AFUE for Lejeune, were used (as the upcoming replacement of the
central steam plant will entail new space heating equipment installa-
tions). A cooling system SEER of 10 was used for both bases.

4.3.3.3  Temperature data analysis

To determine the potential savings of remediation measures over the cool-
ing and heating seasons, assumed indoor temperatures were compared to
typical outdoor temperatures based on average hourly data over the past 5
years from the National Weather Service via the NCDC’s QCLCD [10].
Missing values were in-filled by adding an interpolated anomaly field to
the average climatology of the missing hourly reading.

4.3.4 System integration

Although both handheld thermography and mobile thermal imaging use
LWIR to determine energy loss, the imaging rig supplemented LWIR with
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4.4

NIR, LIDAR, GPS, and other sensors to gather better building diagnostic
data. As a result, the final analysis can fully replace traditional handheld
methods for gathering external building envelope data. This mobile ther-
mal imaging technology allows the military to conduct baseline building
envelope energy efficiency audits for hundreds of buildings in a matter of
hours instead of months.

Operational testing
4.4.1 Operational testing of cost and performance

Data collection involved having an imaging rig drive to a given location
and scan the area based on pre-defined, routing tracks. The Imaging Team
waited until sunset to set up the system and then to begin imaging. This
mitigated the effects of solar radiation and allowed the team to capture da-
ta at a period with the largest temperature difference (middle of the night).
To ensure that the best data were captured, the contractor avoided imag-
ing during any kind of precipitation events. Costs captured for driving the
imaging rig included technician labor costs, cost of fuel for the imaging rig,
and operating and maintenance costs.

4.4.1.1 Modeling and simulation

All imaging data were logged onto the onboard data capture and diagnos-
tics system. The onboard imaging technician was able to view the data as
they were recorded to spot any problems in the data quality. Once the data
were sent to Essess headquarters, they were processed and used for algo-
rithmic testing. The algorithmic testing provided information on the cost,
time, and image quality for mobile imaging versus traditional handheld
thermography methods.

4.4.1.2 Timeline
Operational testing plan (Table 4-2) commenced in February 2014.

Table 4-2. Essess schedule of work.

Task

2013 2014 2015
12 |1 |(2|3|4(|(5|6|7|8|9] 10 |11 |12| 1 | 2

1

Prepare plan for scanning

2

Scan buildings

3

Process and analyze data
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4.4.1.3 Decommissioning

There was no need for decommissioning since this project involves a con-
tracted service and a mobile scanning system.

4.4.2 Equipment calibration and data quality issues

The field engineer used an asymmetric circle calibration grid to optically
calibrate the long-wave infrared cameras according to industry best prac-
tices (Figure 4-8) The thermal calibration was conducted using a black
body radiation source at Essess headquarters.

Figure 4-8. LWIR camera calibration device.

The LIDAR was calibrated by its manufacturer, Velodyne, and qualitative-
ly verified by the contractor. Sampling frequency was optimized based on
the hardware limitations of the sensors and storage systems. The contract-
ed Imaging Team allocated a specific imaging technician to resample a
subset of the data to ensure that they were internally-consistent.

Sampling protocol
4.5.1 Data description

Terabytes of thermal imaging, LIDAR and GPS data were collected at each
base. For a subset of six of the buildings scanned by the drive-by method,
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data were collected using a handheld thermal camera to do a comparative
analysis between handheld thermography and drive-by KSR LWIR scan-
ning to determine the efficiency (amount of time taken to scan) and effec-
tiveness (ability to identify energy leaks) of each method.

4.5.2 Data storage and backup

Data were written into 2 GB files to a mirrored disk array and checksums
were generated and stored as metadata to ensure long-term data integrity.
The data were physically uploaded to a secure, private cloud system and
physical hard drives were stored as back-ups at Essess’ headquarters in
Boston, MA.

4.5.3 Data collection diagram

The data collection approach was described in detail in Section
4.3(“Design and Layout of System Components”).

4.5.4 Schedule of activities

Contract Award. The contract was awarded to Essess on 28 January
2014.

Kickoff Meeting. Kickoff meetings were conducted telephonically with
Essess and with Energy Managers at the individual installations. A Kickoff
telecon with Camp Lejeune was held Thursday, 6 February 2014.

Scanning — Camp Lejeune. Scanning activities at Camp Lejeune were
conducted over the period of February 10-14. This work probably could
have been accomplished over a period of 2 nights were it not for a large
blizzard that caused the installation to be shut down for 2 days.

Figure 4-9. Management and Staffing Flow Chart.

Essess Schedule of Work

2013 2014 2015

Task 12 |1 7 |8 |9 |10 |11 (12 |1 2

1 Prepare plan for scanning

2 Scan buildings

3 Process and Analyze Data
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4.5.5 Post-processing statistical analysis

Several layers of testing and data quality measurement were used at each
stage of processing, from initial data acquisition to final presentation of
energy analysis results. When the data capture system started, it per-
formed sensor integrity checks, ensuring that each sensor was communi-
cating with the main computer and sending valid data. Throughout re-
cording, the system continued to monitor data quality, such as valid
temperature ranges, image information content, GPS location, and LIDAR
distance measurements. The system also monitored sensor connectivity,
and raised errors if a sensor had stopped communicating. Any error or
warning messages were immediately logged to a system diagnostics log
and also displayed to the onboard display for the driver and navigator. At
any time, a technician could log into the mobile system remotely and se-
curely, view the images and other sensor data, and update the recording
system software.

When the hard drives were imported into the secure data storage system,
the import agent program ran a more rigorous data quality filter. This filter
checked for data file integrity and file size, image size and information con-
tent, the frequency of each sensor message, the presence of each sensor data
stream, and additional in-depth screens for GPS location noise, image pixel
values, LIDAR distances and pointcloud sizes with scene distances, and
thermistor readings. It also checked the data feed of sensor chamber operat-
ing conditions to make sure that the sensors were kept within specified op-
erating temperatures. All sensor data passing these quality control checks
were marked and queued for further analysis. There were few instances of
unusable data caused by sudden onsets of precipitation while the team was
still imaging. These data were limited and did not affect the overall analysis
since the team paused the imaging until there was no precipitation.

During data processing and energy analysis, each stage of the processing
pipeline passed its intermediate results through quality filters that checked
for data validity, such as scene temperature readings, building metadata,
GPS location consistency, raw energy flow estimates, and energy scores.

In addition to these data checks, the software behavior was tested several
times a day in an automated testing environment. Each piece of processing
code was built with unit tests, and integration tests checked the interaction
of various software modules. The entire software infrastructure was built
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4.6

with continuous integration and continuous deployment, allowing for fast
feedback and agile development.

Above the normal quality control process for this study, the contractor
performed outlier detection in utility consumption data to detect outliers
of energy usage per square foot of building area grouped by building type.
Specifically, the contractor fit elliptic envelopes of data distributions using
Mahalanobis distance. The Mahalanobis distance is a way of determining
the “similarity” of a set of values from an unknown sample to a set of val-
ues measured from a collection of “known” samples. It measures the sepa-
ration of two groups of objects. For more information please see:
http://www.encyclopediaofmath.org/index.php/Mahalanobis_distance.

Results for Marine Corps Base Camp Lejeune, NC
4.6.1 Sampling results for Marine Corps Base Camp Lejeune, NC

The Kinetic Super-Resolution Long-Wave Infrared integrated scanning
team identified 2,883 distinct feature components on 147 different build-
ings on Camp Lejeune out of a total of 1,307 buildings and other objects
surveyed. These features were categorized by type (e.g., brick wall, roof,
window glass, window frame) and surface temperature. Heat losses were
calculated based on the temperatures of the features, the times of observa-
tion, the orientations of the features, and the outdoor air temperatures as
described in Section 4.2(“Baseline Characterization™).

This analysis of Camp Lejeune identified $113,085 in potential annual
building envelope-related savings across all buildings on the base for re-
mediation measures that have a payback period of 15 years or less. These
savings would require approximately $996,669 in capital expenditures for
remediation. The recommended measures include retrofitting of walls,
soffits, and roof insulation and sealing leaks around windows and door-
frames. Total savings from these remediation measures could save Camp
Lejeune approximately $1,696,275 over the lifetime of the projects (15
years on average), and the measures would pay for themselves after 8.8
years. This is based on the assumption that envelope-related issues and
potential savings observed from the street were representative of the sides
not visible from the street on a per-building basis.

For areas visible from the street, this analysis showed $38,983 in potential
annual building envelope-related savings across all building components
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imaged with a payback period of 15 years or less. These savings would cost
approximately $333,256 in capital expenditures for remediation and a
payback period of 8.5 years.

This section provides a spatial overview of results at Camp Lejeune. The
second section provides a breakdown of heat loss costs and potential re-
mediation savings by component. The third section provides a detailed
analysis of 30 specific buildings on the base that have been determined to
be high priority buildings. The 30 buildings were selected based on a visu-
al and objective leak analysis, ROI potential, and Camp Lejeune’s internal
priorities. The fifth section discusses base-wide potential savings and
costs. Chapter 5 (Performance Assessment) demonstrates the relative ben-
efits of mobile imaging compared to traditional handheld alternatives. One
building per base was selected for detailed analysis. Appendix D includes
an analysis for the remaining 29 buildings.

Figures 4-10 to 4-12 show the spatial results of this analysis of conductive
leaks, convective leaks and all remediation measures are found in the fol-
lowing paragraphs.

The conductive heat loss map represents the average dollar loss per square
foot from conductive leaks, e.g., leaks of energy through walls, roofs, and
other surfaces due to poor insulation. Buildings highlighted in red are the
most emissive, with the highest annual additional heating and cooling load
per square foot.

The convective heat loss map shown in Figure 4-11 represents the average
dollar loss per square foot from convective leaks, e.g., leaks of energy
through infiltration via cracks and gaps in door and window frames. Build-
ings highlighted in red are the most emissive, with the highest annual ad-
ditional heating and cooling load per square foot.

The above payback period map (Figure 4-12) shows the combined cost ef-
fectiveness of the remediation of conductive and convective leaks ex-
pressed as a payback period (in years). Buildings in blue have an attractive
payback period, while buildings in red have a less attractive payback peri-
od.
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Figure 4-10. Average conductive heat loss map for Camp Lejeune.

Figure 4-11. Average convective heat loss for Camp Lejeune, NC.
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Figure 4-12. Payback period for envelope measures for Camp Lejeune, NC.

4.6.2 Recommended envelope ECMs

A number of envelope ECMs are recommended for specific buildings on each
base. These were determined by a combination of thermal imaging, energy
consumption analysis and disaggregation, and building characteristics.

When determining the optimal envelope ECMs to recommend for a given
building, the relative cost effectiveness of each ECM is compared to other
available options based on the specific heat loss characteristics of the
building in question. The method for calculating potential savings through
envelope ECMs is characterized by a comparison of the heat flow across
every hour of the year (for both cooling and heating) for an estimated cur-
rent R value and a new post-remediation R value, incorporating hourly
outdoor temperatures based on weather data. Air sealing-related ECMs
involve a similar approach by comparing the difference between estimated
current infiltration rates per linear foot of crack and post-remediation in-
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filtration rates. Section 4.2 (“Baseline Characterization”) describes the
technical details of how these are calculated.

The specific envelope ECMs examined include:

¢ Improve Wall Insulation. This can encompass either patching up dis-
crete insulation holes, or improving the overall insulation of a wall
through the addition of blown or sheet insulation.

e Improve Roof Insulation. This can encompass either patching up dis-
crete insulation holes, or improving the overall insulation of a
roof/ceiling through the addition of blown or sheet insulation.

e Improve Soffit Insulation. Soffits are the junction between walls and
roofs and are often poorly insulated. In many cases they can be ac-
cessed and have their insulation improved.

e Improve Exposed Basement Wall Insulation. When buildings have
part of their basement wall exposed, they can often benefit from in-
stalling insulation on the portion exposed to the air.

e Seal Window Frame Leaks. This involves using caulk or weather-
stripping to seal cracks in window frames that are letting air in or out
of the building.

e Seal Door Frame Leaks. This also involves using weather-stripping
(and in some cases caulk) to reduce the size of gaps around doorframes
while not hindering the operation of the door.

Window and door replacement are not recommended because they are
generally not cost effective, especially in military facilities, where security
requirements can increase the cost of window and door installations.
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5.1

Performance Assessment

Relative cost effectiveness of handheld and mobile imaging
methods

5.1.1 Handheld method

e Each building takes about 25 minutes of imaging work; necessary to
overlap building components in each frame.

e Handheld unitisaFLIR i7 (The FLIR i-Series cameras are handheld
thermal cameras specially designed for building diagnostics and com-
monly used in residential and commercial thermal audits).

e 140x140 pixels.

e 29 by 29 degree field of view (FOV).

e Spotmeter, area with max/min. temperature, isotherm above/below.

e Scanning Cost: $840,000. Based on the amount of building space im-
aged, the estimated cost is ~ $1,000 per 5,000 sq ft of floor space.

5.1.2 KSR LWIR method

e Each building takes about 30 seconds to scan

e Mounted in integrated system camera

e 640x512 pixels

e 45x37 degree FOV

e Temperature calculated per feature

e Material emissivity obtained by computer vision

e Scanning Cost: Set cost at $200,000 per installation, regardless of
square footage

The KSR LWIR approach provides a number of significant advantages
over conventional handheld infrared thermography, both in terms of the
speed and cost of imaging and the quality and utility of the images and
analysis.

Handheld radiometric imaging instruments are standard equipment for
energy efficiency measurements of building envelopes. The use cases for
these imagers are low throughput, non-quantitative work. Data are stored
on a low speed secure digital (SD) card. Image contrast is tuned for visual
use. The center point of reported temperatures is what is outputted to the
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user. Resolution typically ranges from 80 x 80 pixels to 150 x 150 pixels.
The FOV is 30 x 30 degrees.

The Kinetic Super-Resolution Long-Wave Infrared integrated scanning sys-
tem uses multiple radiometric thermal cameras. These devices are designed
for high-throughput analytical and computer vision work. The devices are
configurable through computer control and automation. Data flows from
devices over a high speed local network to high speed redundant storage.
Raw digital number information is stored for each image frame. Resolution
per camera is 640 x 512 pixels. The field of view per camera is (FOV) 37 x 45
degrees while the total field of view is 37 x 80 degrees.

Images can be acquired at a much faster rate using the Essess sensor sys-
tem. There is continuous acquisition without the need to frame the building.
Each frame contains overlapping information. Further, the raw information
allows temperature conversions to be done per individual region in the
frames versus just one temperature point in the handheld instrument. The
Essess system also provides near infrared images associated with each long-
wave infrared image. These provide the ability to distinguish features and
textures that may not be easily visible in the long-wave infrared image, as
the near infrared image is similar to a conventional photograph (Figure 5-1).

5.1.3 Example performance in Camp Lejeune Bldg 235 (Bus Station)

The resolution and FOV of the handheld unit is not nearly as good as the
cameras employed in the vehicle scanning system (Figure 5-1). The resolu-
tion is 15 times higher in the cameras used on the Essess scanning system.
The FOV of the scanning system is higher. Due to multiple overlapping
features and high acquisition speed, the effective FOV is exceedingly high.
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5.2

Figure 5-1. Handheld thermographic image versus Essess KSR LWIR thermographic image
for Bldg 235, Camp Lejeune, NC.

5.1.4 Summary

After a one-to-one comparison of handheld imaging against the vehicle
scanning system, it is clear that the mobile imaging system is capable of col-
lecting thermal imaging data in a far more scalable and efficient manner
than traditional handheld thermography. Furthermore, the Essess imaging
rig is equipped with multiple sensors including near infrared cameras and
LIDAR, which, when combined with LWIR, allows significantly more in-
formation gathering than would be possible using traditional thermogra-
phy. This includes building facade data and building orientation.

The automated data processing system also allows an efficient and accu-
rate analysis of each image, which contributes to detailed, accurate report-
ing. This type of quantitative analysis is not possible using the handheld
system as it is impossible to accurately quantify how much energy is leak-
ing out of one area of a building versus another area. In terms of speed,
resolution, and FOV, Essess’ scanning system exceeded the handheld unit
by a significant margin.

Comparison of the fidelity and usefulness of imagery at varying
scanning distances

Essess scanned six buildings with each building being imaged from differ-
ent distances starting at 20 yards and ending at 180 yards. The resulting
data showed that there is very little difference in the measured building
temperature for the entire building from 20 yards versus 180 yards (+
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0.16 °F). Figure 5-2 shows that the first pass occurred at approximately 20
yards from the building with each succeeding pass being approximately 20
yards further from the building.

Although the distance between the cameras and the building appears to
have very little effect on the system’s ability to measure building surface
temperatures, building feature recognition becomes more difficult as you
increase the distance from which the building is scanned. Individual build-
ing leaks also become gradually less visible as the distance is increased (as
seen in the images below).

Figure 5-2. Building surface temperature vs. scene distance: Temp = 23.7 + 0.16 °F.



ERDC/CERL TR-15-18 49

Figure 5-3. Essess LWIR distance test (from left to right) Row 1: 20 yards, 40 yards, 60 yards;
Row 2: 80 yards, 100 yards, 120 yards; Row 3: 140 yards, 160 yards, 180 yards

5.3 Actionable results

5.3.1 Detailed analysis for Bldg 1, Marine Corps Base Camp Lejeune, NC

Name: Administrative Office

Use Type: Office

Square Footage: 36,832

Average Daily Electric Use: 2,166 kWh
Electricity Score: 80t Percentile”

Bldg 1 (Figures 5-4 and 5-5) has an electricity usage of 21.5 kWh per
square foot per year.
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Figure 5-4. Aerial view of Bldg 1, Camp Lejeune. Figure 5-5. Thermal image of Bldg 1, Camp

Lejeune.

The electricity and gas scores above compare the building to similarly
sized buildings of the same type on an energy use per square foot basis. An
energy score at the 100t percentile represents the highest energy use per
square foot relative to similar buildings, while a score at the Oth percentile
represents the lowest. The annual cooling and heating loads are calculated
by regressing natural gas bills and electric bills (when available) against
degree days for each billing period to disaggregate the heating and cooling
components of building energy use.

Figure 5-6 shows an abatement curve for all identified remediation
measures for the building in question. Each bar represents a distinct re-
mediation. The width of the bars represents the savings potential, while
the height represents the economic viability (represented by ROI). The
height of each bar shows how many dollars of savings may be expected for
every $1 spent on the remediation measure.

Table 5-1 lists the recommended envelope ECMs.
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Figure 5-6. ECM savings for Bldg 1, Camp Lejeune, NC.
Table 5-1. Envelope ECMs, Bldg 1, Camp Lejeune.
kWh Therms Dollars Upfront Payback
ECM Name Saved Saved Saved Cost Period
Improve Wall Insulation 3161 3096 2003 24240 12.1
Seal Window Frame Leaks 1244 1218 788 2069 2.6
Seal Door Frame Leaks 120 118 76 65 0.8
Improve Soffit Insulation 79 7 50 583 11.7

Annual potential remediation savings for this building are $2,918 for a
simple payback of 9.2 years for this package of envelope-related ECMs.

The brick wall at timestamp 323:17 in the online drive-by application is
highly emissive. There are some insulation holes around the middle of the
wall (Figure 5-7), and the overall surface appears poorly insulated com-
pared to other walls on the base (Figure 5-8).

The wall at timestamp 323:22 is also highly emissive, and has some appar-
ent insulation holes near the middle of the wall. The soffit is also fairly
emissive, and the window frames in the upper left are potentially leaky.
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5.3.2 Notable leaks

Figure 5-7. Insulation holes in Bldg 1, Camp Lejeune, NC.

Figure 5-8. Additional wall insulation holes in Bldg 1, Camp Lejeune, NC.

5.3.3 Portfolio strategy analysis for Marine Corps Base Camp Lejeune, NC

The analysis of Camp Lejeune thermal imaging data estimates $113,085 in
potential annual building envelope-related savings across all buildings on
the base for remediation measures that have a payback period of 15 years or
less. These savings would require approximately $996,669 in capital ex-
penditures for remediation. The recommended measures include retrofit-
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ting of walls, soffits, and roof insulation and sealing leaks around windows
and doorframes. Total savings from these remediation measures could save
the military approximately $1,696,275 over the lifetime of the projects (15
years on average), and the measures would pay for themselves after 8.8
years.

These base-level savings are estimated by dividing the calculated savings
for each building by the percent of the building imaged, assuming that the
portions of the building not imaged are similar in characteristics (R-
values, infiltration) to the portion imaged. The area of the buildings cap-
tured in the thermal images from the street identified $38,983 in savings
from discrete building component leaks, at a cost of $333,256 and with a
payback period of 8.5 years. The total savings over the lifetime of the enve-
lope remediation projects identified in the thermal images was $584,749.

Table 5-2 lists the potential savings and payback period for each category
of remediations for all imaged buildings on Camp Lejeune, NC.

Of all envelope remediation options examined, air sealing of doors and
window frames tend to be the most cost-effective, with a typical payback
period of 3.7 years for door frames and 5.1 years for window frames. The
table below shows both estimated base-wide potential savings for identi-
fied components and the payback period for all measures considered.

Table 5-2. All recommended remediations, Camp Lejeune, NC.

Measure Potential Savings Payback Period
Seal Door Frame Leaks $2,695 3.7
Seal Window Frame Leaks $7,081 5.1
Basement Wall Insulation $1,262 9.6
Improve Wall Insulation $26,395 9.7
Improve Soffit Insulation $952 10.7
Improve Roof Insulation $598 14.0
Occupancy Sensors $105,440 0.7
Low Flow Showerhead $552 1.7
LED Exit Signs $30,874 2.2
Replace Incandescent Bulbs with CFLs $943 2.6
Smartstrips $267 5.9
Efficient Fluorescent Lights $235,126 9.8
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A significant portion of envelope-related remediation savings comes from
improving wall insulation. This is to be expected, as walls comprise the
majority of the surface area of most buildings on the base. Wall insulation
retrofits can be cost-effective for the more emissive surfaces, and the
thermal imaging data can help provide an essential pre-assessment to de-
termine the surfaces to target for improvements.

The total savings available at each different payback period may be exam-
ined by reviewing the cumulative savings across all measures by payback
period (Figure 5-9).

There are potential annual envelope-related remediation savings from im-
aged surfaces with a payback period of less than 5 years, over $24,000 in
savings with a payback of less than 10 years, and over $39,000 in savings
with a payback of less than 15 years.

Figure 5-9. Cumulative savings by payback period.
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5.3.4 Recommendations for Marine Corps Base Camp Lejeune, NC

Table 5-3 lists the high-impact cost-effective remediation measures that

base planners should target first. These are primarily wall insulation-
related measures for the buildings identified as the most emissive.

These 30 measures would collectively save an estimated $11,904 per year

at a cost of $144,508 with a payback period of 12.1 years. Figure 5-10 to
5-17 show the specific location of all 30 immediately actionable recom-

mendations. Note that only the primary features (e.g., the brick walls) are
analyzed in the images. Obstructions like trees or flagpoles as well as unre-

lated features like garage doors or windows are excluded.

Table 5-3. Immediately actionable remediations for Camp Lejeune, NC.

Label No. |Bldg No. Action Material |Init R Value |New R Value |Savings ($) | Cost ($) | Payback (yrs)
1 2600 Improve Wall Insulation | Brick 85 13.6 1101 8727 7.9
2 895 Improve Wall Insulation Brick 9.9 13.7 888 (11929 13.4
3 HP210 Improve Wall Insulation Brick 8.1 13.6 714 |5094 7.1
4 8 Improve Wall Insulation | Brick 9.5 13.7 715 |8219 115
5 1 Improve Wall Insulation | Brick 9.3 13.6 681 (7345 10.8
6 401 Improve Wall Insulation Brick 9.2 13.6 592 (6155 10.4
7 1 Improve Wall Insulation Brick 94 13.7 568 (6272 11.1
8 HP104 Improve Wall Insulation | Brick 9.0 13.6 486 |4568 9.4
9 62 Improve Wall Insulation | Brick 10.4 13.6 327 |[5542 16.9
10 407 Improve Wall Insulation Brick 9.3 13.6 331 (3480 10.5
11 20 Improve Wall Insulation Brick 10.1 13.6 317 |4756 15.0
12 1 Seal Door Frame Leaks |D Frame N/A N/A 76 |65 0.8
13 1826 Improve Wall Insulation [ Siding 8.4 10.0 518 (11315 219
14 2905 Improve Wall Insulation [ Siding 7.9 10.0 352 (5211 14.8
15 2603 Improve Wall Insulation Brick 9.7 13.6 360 (4470 12.4
16 8 Improve Wall Insulation | Brick 10.5 13.6 262 |4666 17.8
17 18 Improve Wall Insulation | Brick 10.8 13.7 244 4832 19.8
18 424 Improve Wall Insulation Brick 83 13.6 243 (1833 75
19 430 Improve Wall Insulation Brick 9.6 13.5 240 (2936 12.2
20 8 Improve Wall Insulation | Brick 9.6 13.6 242 2837 11.7
21 408 Improve Wall Insulation | Brick 9.4 13.6 214 (2369 111
22 2917 Improve Wall Insulation [ Siding 7.8 10.0 273 3762 13.8
23 2913 Improve Wall Insulation [ Siding 7.9 10.0 388 (5569 14.4
24 235 Improve Wall Insulation | Brick 85 13.6 229 (1860 8.1
25 217 Improve Wall Insulation | Brick 10.3 13.7 211 (3203 15.2
26 2903 Improve Wall Insulation [ Siding 7.7 10.1 498 (6119 12.3
27 2600 Improve Wall Insulation Brick 9.8 13.7 257 (3253 12.7
28 408 Improve Wall Insulation | Brick 10.1 13.7 184 [2608 14.2
29 2600 Improve Soffit Insulation | Soffit 89 13.6 58 571 9.9
30 2613 Improve Roof Insulation | Roof 10.8 15.0 336 (4942 14.7
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Figure 5-10. Camp Lejeune Bldgs 2600 (upper left), 895 (upper right), HP210 (lower left) and
8 (lower right).
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Figure 5-11. Camp Lejeune Bldgs 1 (upper left), 401 (upper right), 1 (lower left) and HP104
(lower right).
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Figure 5-12. Camp Lejeune Bldgs 62 (upper left), 407 (upper right), 20 (lower left) and 1
(lower right).
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Figure 5-13. Camp Lejeune Bldgs 1826 (upper left), 2905 (upper right), 2603 (lower left),
and 8 (lower right).
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Figure 5-14. Camp Lejeune Bldgs 18 (upper left), 424 (upper right), 430 (lower left) and 8
(lower right).
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Figure 5-15. Camp Lejeune Bldgs 408 (upper left), 2917 (upper right), 2913 (lower left), and
235 (lower right).
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Figure 5-16. Camp Lejeune Bldgs 217 (upper left), 2903 (upper right), 2600 (lower left), and
408 (lower right).
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Figure 5-17. Camp Lejeune Bldg 2613.
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6.1

Cost Assessment

The total cost for scanning, analyzing and producing a report for the two
sites included in this demonstration (Camp Lejeune and Scott AFB) was
$404,577. For the purposes of this demonstration (and to adhere to the
guidelines set forth in the Broad Agency Announcement) both installations
were treated as a single project and the costs were broken up by phases ra-
ther than a per-building cost. Figure 6-1 shows the itemized cost break-
down.

Figure 6-1. Essess cost summary for scanning, analysis and reporting for Camp Lejeune, NC
and Scott AFB, IL.

Essess, Inc.
Budget Summary
A R SRR e e r
Phase Phase Phase Total Phases
Onejy Two(2) Three(3) One thru Three
Direct Labor i $33,392 $44,144 $30,008 $107,544
Fringe Benefits g $2,109 52,732 $1,707 56,547
Equipment Costs S 50 S0 S0 50
Expendable Supplies RG] 50 S0 S0 50
Travel al s 50 59,781 S0 59,781
Subcontracts Wlwiin 538,400 $72,000 548,000 5$158,400
Other Direct Costs o 1l 50 50 50 50
Indirect Costs il $29,821 $39,376 $26,641 $05,837
$103,721 $168,032 5106,356 $378,109
Operating Margin {7%) $26,468
Total Budget 5404,577
Notes:

1)  See "1. Phase One Budget" for details
2)  See "2.Phase Two Budget" for details
3)  See "3. Phase Three Budget” for details
4)  See "A. Phase Four Budget" for details
5)  See "S. Phase Five Budget" for details
6)  See "6. Phase Six Budget” for details

Cost model

The subtasks accomplished in each phase are outlined in detail in Section
4.1.6(*Test Phases,” p 21). For all three phases, the majority of the costs
were for direct labor and contracting Subject Matter Experts for computer
vision aided data processing using commercial thermography and energy
modeling. Phase 1 costs related to the customization of the imaging hard-
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6.2

ware and creating logistics software for the driving team to navigate while
imaging. To capture data in the most efficient manner, the driving team
was guided by an onboard navigation system with route guidance based on
the installations’ street network. This must be created for each base, as
complete road network information for military installations is rarely pub-
licly available. For Camp Lejeune and Scott AFB the Phase 1 costs were
$103,721 (Figure 6-1).

Phase 2 costs were related to data capture and analysis. Essess drove the
imaging vehicle to Camp Lejeune and captured thermal, NIR, LIDAR, and
GPS data. Once the data were sent to Essess headquarters, it was pro-
cessed (the raw data were converted into temperature images and the
temperature images were correlated to the correct GPS coordinates based
on vehicle GPS and military provided GIS information). After the data
were processed, the second part of Phase 2 analyzed the processed data to
detect building thermal inefficiencies and leaks in the building envelope.
The contractor also built an online drive-by application to enable Energy
Managers at Camp Lejeune select buildings for further analysis. The total
cost for Phase 2 was $168,032.

Phase 3 consisted of aggregating the mobile thermal imaging results, ana-
lyzing the handheld thermography data, and preparing this report. The to-
tal cost for Phase 3 was $106,356.

Table 6-1 lists “model” costs for a single military installation. Essess could
image hundreds of bases in a single winter while maintaining the same
cost structure making the technology significantly more scalable.

Table 6-1. Cost model for imaging a military installation.

Estimated
Cost Element (for single military installation) Costs
Phase 1: Hardware Customization and Logistics Software Optimization $51,861
Phase 2: Data Capture, processing and Analysis $81,567
Phase 3: Aggregating analyzed data in a report format $50,744

Cost drivers

There are no major cost drivers for this technology as it is applicable to
military bases across various ASHRAE Climate Zones. The technology is
efficient and scalable, which allows Essess to image significantly larger in-
stallations without increasing the cost structure. However, unlike a typical
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auditor that charges per building, Essess’ cost structure is on a per instal-
lation basis. This is due to the fact that the bulk of Essess’ costs are front-
loaded. Once the imaging rig is deployed to an area, there is only a mar-
ginal cost in imaging 100 buildings versus 1,000 buildings.

Cost analysis and comparison

Essess’ thermal imaging, data processing, data analysis and reporting costs
are roughly $200,000 per military installation. As described in the Section
6.1 (“Cost Model,” p 64), the operational implementation of the technology
requires significant customization to the hardware rig and to the logistics,
processing and analysis software. The data in Chapter 5 (“Performance As-
sessment”) provide a detailed description of each remediation recommen-
dation and also provides the life-cycle costs for each remediation. The end
result is valuable energy efficiency data and remediation recommenda-
tions.

Traditionally, the only way to get envelope efficiency information for each
building was to use a handheld thermal camera on each building. Howev-
er, handheld thermography is relatively very inefficient and also requires a
human to interpret each image whereas Essess has the ability to automati-
cally analyze thousands of thermal images. Furthermore, commercial en-
ergy audits that include envelope thermal imaging using handheld ther-
mography typically cost around $1,000 for a 5,000 sq ft building and
$10,000 for a 50,000 sq ft building. Essess imaged 4.2 million sq ft of
building space at Camp Lejeune. Essess imaged, processed and analyzed
data and developed reports for both military installations for $404,577.
Based on the costs above, having the same amount of building space ana-
lyzed with a handheld camera would cost approximately $840,000. That is
$1,355,423 more than Essess’ mobile imaging costs.
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7 Implementation Issues

The Essess imaging rig is proprietary technology that was deployed based
on a licensing model so there was (and will be) no turnover of hardware,
software, or intellectual property to the Government. However, technology
transfer will still occur through the Essess team, working with ESTCP and
ERDC-CERL. Furthermore, it is anticipated that ERDC-CERL will publish
an ERDC Technical Report and at least one article in the Society of Ameri-
can Military Engineers’ (SAME’s) The Military Engineer, or other publica-
tions with a military engineer audience.

This technology is limited to scanning the street sides of buildings. As a
result, for most buildings, four sides of the buildings will not be scanned.
Two or three sides are typically scanned depending on the orientation of a
building relative to the street. This technology is also limited by the re-
quirement to have a AT between building interior and exterior ambient
temperatures of at least 20 °F, so scanning must occur when nighttime
temperatures are below 50 °F. This limits application of this technology to
regions where there is at least 1 week of the year in which nighttime tem-
peratures are below 50 °F. Most regions of the United States fall within
this boundary condition. Adjustments are made for empty buildings or
buildings where there is no internal heating and no way of knowing the
internal temperature setpoint (further discussed in the Methodology Ap-
pendix D). This technology is somewhat hindered by trees, bushes and
other obstructions that might partially obscure a clear view of a building’s
envelope from the street. However, the automated data processing pipe-
line developed by Essess to take the scanned data and prepare it for a re-
port format, corrects for these kinds of obstructions in a number of ways
that have been tested by Essess.
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8 Conclusion

This demonstration validated a method of rapidly and cost effectively
scanning and analyzing large numbers of building envelopes, quantifying
energy losses, and prioritizing energy leaks for cost-effective repairs or
improvements. Over 2500 distinct building feature components were identi-
fied across various buildings throughout the base. These features were cate-
gorized by type and surface temperature to provide an in-depth look at the
energy efficiency of each building’s envelope. A quantified analysis showed
that Camp Lejeune could save over $100,000 per year by implementing
ECMs outlined in this report. The total investment would be less than $1 mil-
lion, but would allow the base to save nearly $1.7 million over the lifetime of
the measures with a simple payback period of less than 9 years.

This work also concludes that Facilities Engineers at other DoD installa-
tions can use this demonstrated method to cost effectively evaluate large
portions of their building stock to determine the overall condition of their
building envelopes and identify opportunities to repair or improve the en-
velopes to reduce unnecessary energy losses and improve overall energy
efficiency. The demonstrated technology offers one avenue to help the
DoD reach its goal of saving energy across all military installations by
identifying the best candidate installations for energy-saving improve-
ments to building envelopes, i.e., those with the highest potential savings.
It would then be possible to combine that priority list with information on
optimal building stocks and portfolios of cost-effective improvements to
equip the DoD to save millions of dollars in energy loss.
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Appendix A: Health and Safety Plan (HASP)

Since this work requires a vehicle to drive around the installations at low
speeds, the Health and Safety Plan mostly entails obeying installation traf-
fic rules. Since the scanning vehicle will be operating at very low speeds,
drivers should be careful to avoid blocking faster traffic on higher speed
installation roadways. Vehicle lighting systems must be maintained in
good working order. The driver(s) must take care to signal all turns and to
park outside of the lane of traffic when stopping is necessary.
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Appendix B: Points of Contact

Point of
Contact Organization Phone & E-mail Role in Project
) (217) 373-4566, Principal Investigator,
James Miller U-S. Army ERDCCERL james.p.miller@usace.army.mil | COR
. (857) 445-4135
Navi Singh Essess . Team Leader
Navi@essess.com
USMC, Camp Lejeune, Facilities 910-451-0784
Thomas Burton Engineers thomas.h.burton@usme.mil Energy Manager
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Appendix C: Examination of Building

c1l

Components at Marine Corps Base Camp
Lejeune, NC

This appendix examines specific found in buildings around Marine Corps
Base Camp Lejeune, NC, including window frames, door frames, window
glass, brick walls, other walls, and soffits (generally speaking, where the
wall meets the roof). These components are examined in detail below, as
they are all readily remediable through air sealing and insulation im-
provements.

Building window frames

Window frames and window glass were differentiated in the 131 buildings
on the base that were analyzed in detail to separate out energy loss due to
conduction (e.g., poorly insulated single pane windows) and convection
(leaks through cracks around window frames, e.g., Figure C-1). The system
tagged 1,037 discrete window frames. The measure of leakage is expressed
in cubic feet per minute per linear foot of crack. Figure C-2 shows the dis-
tribution of estimated leakages across the base.

Figure C-1. Examples of window frame leaks, Camp Lejeune.



ERDC/CERL TR-15-18 73

Figure C-2. Distribution of window frame leaks, Camp Lejeune.

Both heating and cooling loss can be calculated once the leakage rate is es-
timated. Figure C-3 shows the potential remediation savings for each sur-
veyed window. The majority of windows have a savings potential below
$20 per year, with a long tail of potentially very leaky window frames. The
leakiest window frames have annual savings potentials through air sealing
remediation of nearly $75 per year. The leakiest window frames identified
on the base were in Bldgs 1, 100, 11, 113, 116, and 117.

Figure C-3. Distribution of potential annual energy cost savings due to repair of window frame
leaks, Camp Lejeune.
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C.2 Building door frames

Building door frame leakage is estimated through a similar process as
window frame leakage by isolating the frame polygon from the door poly-
gon and measuring the emissivity relative to other doors on the base
(Figure C-4). There were 201 distinct door frames identified in the build-
ings analyzed on the base, with a range of leakage from effectively nothing
to at or above 0.3 CFM per linear crack foot (Figure C-5).

Figure C-4. Example of door frame energy leaks, Camp Lejeune.

Figure C-5. Distribution of door frame energy leaks, Camp Lejeune.
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Cc3

A distribution of potential annual energy costs savings from remediation
of door frame leaks are estimated to range from $0 to greater than $50 per
year per door frame for some extreme cases (Figure C-6). The average sav-
ings potential is about $20 per door, and remediation through the use of
weather-stripping and similar measures is expected to be cost-effective for
most doors surveyed on the base. The leakiest door frames identified on
the base were in Bldgs 895, 1, HP104, 1688, 20, and 201.

Figure C-6. Distribution of potential annual energy cost savings due to repair of door frame
leaks, Camp Lejeune.

Walls

Walls on the base were categorized as either brick, siding or concrete. The
system identified 315 distinct brick wall polygons, 84 siding walls, and 13
concrete walls. Costs associated with wall polygons were estimated based
on their time-normalized surface temperatures (Figure C-7) and inferred
R-values, as described in Section 4.2(“Baseline Characterization”). Esti-
mated annual combined heating and cooling costs from wall polygons
range from $1.40/sq ft to $3.70/sq ft (Figure C-8). Brick walls in general
had lower estimated costs per square foot (~$1.90) than did siding or con-
crete walls (~$2.70).
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Figure C-7. Example of thermal energy losses in walls, Camp Lejeune.

Figure C-8. Distribution of annual energy loss costs per square foot of wall area, Camp
Lejeune.

Potential remediation savings for walls were estimated by running the heat
flow model on estimated current R-values and post-remediation R-values.
Savings range from zero (or negative savings in a few cases of very well in-
sulated walls) up to slightly over $1.40/sq ft Figure C-9. At an average in-
stallation and labor cost of around $7/sq ft, walls with particularly high
energy leakage are cost-effective to remediate.

Of the 412 wall polygons identified, 291 would have positive savings
through improved insulation. Of these, approximately 113 would have a
payback period of less than 15 years. The average savings associated with
improving wall insulation for these 113 cases was around $0.80/sq ft. The
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most emissive walls identified on the base were in Bldgs 2812, 2811, 2900,
2901, H65, and H63.

Figure C-9. Distribution of potential annual energy cost savings due to wall insulation repairs,
Camp Lejeune.

C.4 Roofs

Roof heat loss is calculated similarly to wall heat loss, by looking at time-
normalized surface temperatures (Figure C-10). The system identified 232
distinct roof polygons. (Note that a single roof will usually have more than
one polygon identified, as the maximum size of a polygon is dictated by the
FOV of the camera in a single image frame.) The estimated heating and
cooling cost associated with these roofs ranged from $1.10 to $2.20/sq ft.
A distribution of annual energy loss costs per square foot of roof area
(Figure C-11).
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Figure C-10. Example of thermal energy losses in roofs, Camp Lejeune.

Figure C-11. Distribution of annual energy loss costs per square foot of roof area, Camp
Lejeune.

Of the 133 roof polygons identified that had positive remediation savings,
14 had paybacks of less than 15 years. The average savings associated with
improving roof insulation for these 14 cases was around $0.60/sq ft
(Figure C-12). The most emissive roofs identified on the base were on
Bldgs 2900, HP328, 1984, 2901, 504, and 430.
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Figure C-12. Potential annual energy cost savings per square foot due to roof insulation
repairs, Camp Lejeune.

C.5 Soffits

Soffits are areas where the wall meets the roof and are often spots where
insulation is poor and air leaks are more common. The system identified
329 total soffit polygons on buildings in the base. Their R-values were es-
timated based on surface temperatures (Figure C-13) similar to the calcu-
lation for walls and roofs. The average annual heating and cooling costs for
soffits range from $1.40 to $2.80/sq ft (Figure C-14).

Figure C-13. Example of a leaky soffit, Camp Lejeune.
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Figure C-14. Distribution of annual energy costs due to thermally
inefficient soffits, Camp Lejeune.

Of the 229 soffit polygons that had positive remediation savings, 64 had
paybacks of less than 15 years. The average savings associated with im-
proving soffit insulation for these 64 cases was around $0.80/sq ft (Figure
C-15). The most emissive soffits identified on the base were on Bldgs 1206,
HP210, 319, 2900, 2901, and 302.

Figure C-15. Distribution of potential annual energy cost savings due to repair
of thermally inefficient soffits, Camp Lejeune.
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Appendix D: Thirty Building Detailed Analysis
for Marine Corps Base Camp Lejeune, NC

D.1 Bldg1

D.1.1 Description of Bldg 1, Marine Corps Base Camp Lejeune, NC

Name: Administrative Office

Use Type: Office

Square Footage: 36,832

Avg. Daily Electric Use: 2,166 kWh
Electricity Score: 80t Percentile

Bldg 1 (Figure D-1 and D-2) has an electricity usage of 21.5 kWh/sq ft/yr.

Figure D-2. Thermal image of
Figure D-1. Aerial view of Bldg 1, Camp Lejeune. Bldg 1, Camp Lejeune.

D.1.2 Notable leaks at Bldg 1, Marine Corps Base Camp Lejeune, NC

The brick wall at timestamp 323:17 in the online drive-by application is
highly emissive (Figure D-3). There are some insulation holes around the
middle of the wall, and the overall surface appears poorly insulated com-
pared to other walls on the base.
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Figure D-3. NIR image (left) and thermal image (right) of Bldg 1, Camp Lejeune.

The wall at timestamp 323:22 is also highly emissive, and has some appar-
ent insulation holes near the middle of the wall (Figure D-4). The soffit is
also fairly emissive, and the window frames in the upper left are potential-
ly leaky.

Figure D-4. NIR image (left) and thermal image (right) of Bldg 1, Camp Lejeune. Note
apparent insulation holes near the middle of the wall, a fairly emissive soffit and apparently
leaky window frames.
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D.1.3 Envelope ECMs for Bldg 1, Marine Corps Base Camp Lejeune, NC

Figure D-5 shows the relative ROI for envelope ECMs for Bldg 1, Camp

Lejeune.

Figure D-5. ECM profile for Bldg 1, Camp Lejeune.

Table D-1 lists the recommended envelope ECMs for Bldg 1, Camp Lejeune

Table D-1. Envelope ECMs for Bldg 1, Camp Lejeune.

kWh Therms Dollars Upfront Payback
ECM Name Saved Saved Saved Cost Period
Improve Wall Insulation 3161 3096 2003 24240 12.1
Seal Window Frame Leaks 1244 1218 788 2069 2.6
Seal Door Frame Leaks 120 118 76 65 0.8
Improve Soffit Insulation 79 77 50 583 11.7

Annual potential remediation savings for this building are $2,918 and total

payback is 9.2 years for envelope-related ECMs.
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D.2 Bldg 8
D.2.1 Description of Bldg 8, Marine Corps Base Camp Lejeune, NC

Name: Administrative Office

Use Type: Office

Square Footage: 26,602

Avg. Daily Electric Use: 1,517 kWh
Electricity Score: 95t Percentile

Bldg 8 (Figures D-6 and D-7) has an electricity usage of 20.8
kWh/sq ft/yr.

Figure D-6. Aerial view of Bldg 8, Camp Figure D-7. Thermal image of Bldg 8, Camp
Lejeune. Lejeune.

D.2.2 Notable leaks at Bldg 8, Marine Corps Base Camp Lejeune, NC

The wall of Bldg 8 at timestamp 319:57 is highly emissive relative to other
buildings on the base (Figure D-8). The exposed foundation wall is also
poorly insulated, allowing heat to escape from the surface. The window
frames on the left side of the building are highly emissive.
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Figure D-8. NIR image (left) and thermal image (right) of Bldg 8, Camp Lejeune.

The wall at timestamp 319:58 is quite emissive, with a notable thermal
bridge around the middle of the wall (Figure D-9).

Figure D-9. NIR image (left) and thermal image (right) of Bldg 8, Camp Lejeune. Note the
thermal bridge around the middle of the wall.

D.2.3 Envelope ECMs for Bldg 8, Marine Corps Base Camp Lejeune, NC

Figure D-10 shows the relative ROI for envelope ECMs for Bldg 8, Camp
Lejeune.
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Figure D-10. ECM profile for Bldg 8, Camp Lejeune.

Table D-2 lists the recommended envelope ECMs for Bldg 8, Camp Lejeu-

ne.
Table D-2. Envelope ECMs for Bldg 8, Camp Lejeune.
kWh Therms Dollars Upfront Payback

ECM Name Saved Saved Saved Cost Period
Improve Wall Insulation 2168 2123 1374 18682 13.6
Seal Window Frame Leaks 372 364 236 2005 8.5
Basement Wall Insulation 232 227 147 2334 15.9
Improve Roof Insulation 192 188 122 2749 22.5
Improve Soffit Insulation 67 66 42 1144 26.9

Annual potential remediation savings for this building are $1,941 and total
payback is 13.9 years for envelope-related ECMs.
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D.3 Bldgil
D.3.1 Description of Bldg 11, Marine Corps Base Camp Lejeune, NC

Name: Administrative Office

Use Type: Office

Square Footage: 3,998

Avg. Daily Electric Use: Not Provided
Electricity Score: N/A

Figures D-11 and D-12, respectively, show the aerial view and thermal im-
age of Bldg 11, Camp Lejeune.

Figure D-12. Thermal image of Bldg 11,
Figure D-11. Aerial view of Bldg 11, Camp Lejeune. Camp Lejeune.

D.3.2 Notable leaks at Bldg 11, Marine Corps Base Camp Lejeune, NC

The soffit at timestamp 322:04 and the door frame are highly emissive,
which potentially indicates poor insulation or convective leaks (Figure D-
13). There are two notable hot spots to the left and right of the door.

Figure D-13. NIR image (left) and thermal image (right) of Bldg 11, Camp Lejeune.
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The wall to the left of the door at timestamp 322:07 has a number of emis-
sive hot spots, as well as an emissive soffit (Figure D-14).

Figure D-14. NIR image (left) and thermal image (right) of Bldg 11, Camp Lejeune. The wall to
the left of the door has a number of emissive hot spots, as well as an emissive soffit.

D.3.3 Envelope ECMs for Bldg 11, Marine Corps Base Camp Lejeune, NC

Figure D-15 shows the relative ROI for envelope ECMs for Bldg 11, Camp
Lejeune.

Figure D-15. ECM profile for Bldg 11, Camp Lejeune.
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Table D-3 lists the recommended envelope ECMs for Bldg 11, Camp Lejeu-

ne.
Table D-3. Envelope ECMs for Bldg 11, Camp Lejeune.
kWh Therms Dollars Upfront Payback
ECM Name Saved Saved Saved Cost Period
Seal Door Frame Leaks 95 93 60 193 3.2
Seal Window Frame Leaks 76 74 48 260 54
Improve Wall Insulation 62 61 40 1123 28.4
Improve Soffit Insulation 61 60 39 661 17.0
Improve Roof Insulation 24 24 15 317 20.8

Annual potential remediation savings for this building are $202 and total
payback is 12.6 years for envelope-related ECMs.

D.4 Bldg 15

D.4.1 Description of Bldg 15, Marine Corps Base Camp Lejeune, NC

Name: Medical/Dental Clinic

Use Type: Health

Square Footage: 18,222

Avg. Daily Electric Use: Not Provided
Electricity Score: N/A

Figures D-16 and D-17, respectively, show the aerial view and thermal im-
age of Bldg 15, Camp Lejeune.

Figure D-16. Aerial view of Bldg 15, Camp Figure D-17. Thermal image of Bldg
Lejeune. 15, Camp Lejeune.
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D.4.2 Notable leaks at Bldg 15, Marine Corps Base Camp Lejeune, NC

The wall and exposed foundation of Bldg 15 at timestamp 324:17 are quite
emissive, which indicates poor insulation (Figure D-18). The two window
frames in the bottom right corner are notably hot, and may have high con-
vective air leakage.

Figure D-18. NIR image (left) and thermal image (right) of Bldg 15, Camp Lejeune.

D.4.3 Envelope ECMs for Bldg 15, Marine Corps Base Camp Lejeune, NC

Figure D-19 shows the relative ROI for envelope ECMs for Bldg 15, Camp
Lejeune.
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Figure D-19. ECM profile for Bldg 15, Camp Lejeune.

Table D-4 lists the recommended envelope ECMs for Bldg 15, Camp

Lejeune.
Table D-4. Envelope ECMs for Bldg 15, Camp Lejeune.
kWh Therms Dollars Upfront Payback
ECM Name Saved Saved Saved Cost Period
Seal Window Frame Leaks 338 331 214 1681 7.9
Improve Wall Insulation 282 276 179 2382 13.3
Basement Wall Insulation 150 147 95 860 9.0
Seal Door Frame Leaks 32 31 20 65 3.2

Annual potential remediation savings for this building are $508 and total

payback is 9.8 years for envelope-related ECMs.
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D.5 Bldg 18
D.5.1 Description of Bldg 18, Marine Corps Base Camp Lejeune, NC

Name: Administrative Office

Use Type: Misc.

Square Footage: 13,122

Avg. Daily Electric Use: 560.7 kWh
Electricity Score: 65t Percentile

Bldg 18 (Figures D-20 and D-21) has an electricity usage of 15.6
kWh/sq ft/yr.

Figure D-20. Aerial view of Bldg 18, Camp Figure D-21. Thermal image of Bldg 18,
Lejeune. Camp Lejeune.

D.5.2 Notable leaks at Bldg 18, Marine Corps Base Camp Lejeune, NC

The soffit on Bldg 18 at timestamp 91:18 is highly emissive. There is also a
small hot spot on the wall on the left side of the image (Figure D-22).

Figure D-22. NIR image (left) and thermal image (right) of Bldg 18, Camp Lejeune.
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The wall near the center of the building at timestamp 91:23 and the ex-
posed foundation/basement wall are highly emissive, which indicates poor
insulation (Figure D-23).

Figure D-23. NIR image (left) and thermal image (right) of Bldg 18, Camp Lejeune. The wall
near the center of the building and the exposed foundation/basement wall are highly
emissive.

D.5.3 Envelope ECMs for Bldg 18, Marine Corps Base Camp Lejeune, NC

Figure D-24 shows the relative ROI for envelope ECMs for Bldg 18, Camp
Lejeune.

Figure D-24. ECM profile for Bldg 18, Camp Lejeune.
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Table D-5 lists the recommended envelope ECMs for Bldg 18, Camp

Lejeune.
Table D-5. Envelope ECMs for Bldg 18, Camp Lejeune.
kWh Therms Dollars Upfront Payback

ECM Name Saved Saved Saved Cost Period
Improve Wall Insulation 740 724 468 8456 18.0
Basement Wall Insulation 427 418 271 2801 10.4
Seal Window Frame Leaks 216 211 137 713 5.2
Seal Door Frame Leaks 52 51 33 64 1.9

Annual potential remediation savings for this building are $909 and total
payback is 13.2 years for envelope-related ECMs.

D.6 Bldg 20
D.6.1 Description of Bldg 20, Marine Corps Base Camp Lejeune, NC

Name: Industrial Facility

Use Type: Misc.

Square Footage: 10,690

Avg. Daily Electric Use: Not Provided
Electricity Score: N/A

Figures D-25 and D-26, respectively, show the aerial view and thermal im-
age of Bldg 15, Camp Lejeune.

Figure D-25. Aerial view of Bldg 20, Camp
Lejeune.

Figure D-26. Thermal image of Bldg 20, Camp
Lejeune.

D.6.2 Notable leaks at Bldg 20, Marine Corps Base Camp Lejeune, NC

There is a hot spot on the middle of the wall of Bldg 20 at timestamp
313:13 that may indicate a hole in the wall insulation (Figure D-27).
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Figure D-27. NIR image (left) and thermal image (right) of Bldg 20, Camp Lejeune.

The windows visible at timestamp 313:16 are notably emissive. There are
also some leaks along the door in the center of the image (Figure D-28).

Figure D-28. NIR image (left) and thermal image (right) of Bldg 20, Camp Lejeune. The

windows are notably emissive and there are leaks along the door in the center of the image.

D.6.3 Envelope ECMs for Bldg 20, Marine Corps Base Camp Lejeune, NC

Figure D-29 shows the relative ROI for envelope ECMs for Bldg 20, Camp
Lejeune.
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D.7

Figure D-29. ECM profile for Bldg 20, Camp Lejeune.

Table D-6 lists the recommended envelope ECMs for Bldg 20, Camp
Lejeune.

Table D-6. Envelope ECMs for Bldg 20, Camp Lejeune.

kWh Therms Dollars Upfront Payback
ECM Name Saved Saved Saved Cost Period
Improve Wall Insulation 916 897 581 7958 13.7
Seal Window Frame Leaks 516 506 327 517 1.6

Annual potential remediation savings for this building are $908 and total
payback is 9.3 years for envelope-related ECMs.

Bldg 26

D.7.1 Description of Bldg 26, Marine Corps Base Camp Lejeune, NC

Name: Training Material Storage

Use Type: Misc.

Square Footage: 3,553

Avg. Daily Electric Use: Not Provided
Electricity Score: N/A

Figures D-30 and D-31, respectively, show the aerial view and thermal im-
age of Bldg 26, Camp Lejeune.
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Figure D-31. Thermal image of Bldg 26,
Figure D-30. Aerial view of Bldg 26, Camp Lejeune. Camp Lejeune.

D.7.2 Notable leaks at Bldg 26, Marine Corps Base Camp Lejeune, NC

The wall of Bldg 26 visible at timestamp 321:34 had particularly poor insu-
lation, with large notable hotspots (Figure D-32). The door in the center
has large leaks in the frame that could potentially be mitigated through air
sealing.

Figure D-32. NIR image (left) and thermal image (right) of Bldg 26, Camp Lejeune.

D.7.3 Envelope ECMs for Bldg 26, Marine Corps Base Camp Lejeune, NC

Figure D-33 shows the relative ROI for envelope ECMs for Bldg 26, Camp
Lejeune.
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Figure D-33. ECM profile for Bldg 26, Camp Lejeune.

Table D-7 lists the recommended envelope ECMs for Bldg 26, Camp

Lejeune.
Table D-7. Envelope ECMs for Bldg 26, Camp Lejeune.
kWh Therms Dollars Upfront Payback

ECM Name Saved Saved Saved Cost Period
Improve Wall Insulation 379 371 240 2837 11.8
Seal Window Frame Leaks 90 88 57 259 4.5
Seal Door Frame Leaks 69 68 44 129 2.9
Basement Wall Insulation 61 59 38 388 10.1
Improve Soffit Insulation 17 17 11 154 14.4

Annual potential remediation savings for this building are $390 and total

payback is 9.6 years for envelope-related ECMs.
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D.8 Bldg 37
D.8.1 Description of Bldg 37, Marine Corps Base Camp Lejeune, NC

Name: Administrative Office

Use Type: Office

Square Footage: 10,068

Avg. Daily Electric Use: 405.5 kWh
Electricity Score: 60t Percentile
Electricity Usage: 14.7 kWh/sq ft/yr.

Figures D-34 and D-35, respectively, show the aerial view and thermal im-
age of Bldg 37, Camp Lejeune.

Figure D-34. Aerial view of Bldg 37, Camp Figure D-35. Thermal image of Bldg 37,
Lejeune. Camp Lejeune.

D.8.2 Notable leaks at Bldg 37, Marine Corps Base Camp Lejeune, NC

The exposed foundation of Bldg 37 at timestamp 133:58 is highly emissive
(Figure D-36). The window frames are also much warmer than typical
window frames on Lejeune buildings, which indicates convective leakage.
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Figure D-36. NIR image (left) and thermal image (right) of Bldg 37, Camp Lejeune.

D.8.3 Envelope ECMs for Bldg 37, Marine Corps Base Camp Lejeune, NC

Figure D-37 shows the relative ROI for envelope ECMs for Bldg 37, Camp
Lejeune.

Figure D-37. ECM profile for Bldg 37, Camp Lejeune.

Table D-8 lists the recommended envelope ECMs for Bldg 37, Camp
Lejeune.
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D.9

Table D-8. Envelope ECMs for Bldg 37, Camp Lejeune.

kWh Therms Dollars Upfront Payback
ECM Name Saved Saved Saved Cost Period
Seal Window Frame Leaks 268 262 170 972 5.7
Basement Wall Insulation 53 51 33 828 24.9
Seal Door Frame Leaks 51 50 32 128 4.0

Annual potential remediation savings for this building are $247 and total
payback is 8.8 years for envelope-related ECMs.

Bldg 58
D.9.1 Description of Bldg 58, Marine Corps Base Camp Lejeune, NC

Name: Administrative Office

Use Type: Office

Square Footage: 31,043

Avg. Daily Electric Use: 1,898 kWh
Electricity Score: 95t Percentile

Bldg 58 (Figures D-38 and D-38) has an electricity usage of 22.3 kWh/sq ft/yr.

Figure D-38. Aerial view of Bldg 58, Camp
Lejeune.

Figure D-39. Thermal image of Bldg 58,
Camp Lejeune.

D.9.2 Notable leaks at Bldg 58, Marine Corps Base Camp Lejeune, NC

Bldg 58 has a thermal bridge noticeable near the middle of the wall on the
right side at timestamp 134:44 (Figure D-40). There is also a hot spot on
the wall on the left side of the image.
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Figure D-40. NIR image (left) and thermal image (right) of Bldg 58, Camp Lejeune.

There are some leaks near the foundation at timestamp 134:49. The door-
frame is also particularly emissive (Figure D-41).

Figure D-41. NIR image (left) and thermal image (right) of Bldg 58, Camp Lejeune. Note leaks
near the foundation and at the door frame.

D.9.3 Envelope ECMs for Bldg 58, Marine Corps Base Camp Lejeune, NC

Figure D-42 shows the relative ROI for envelope ECMs for Bldg 58, Camp
Lejeune.
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Figure D-42. ECM profile for Bldg 58, Camp Lejeune.

Table D-9 lists the recommended envelope ECMs for Bldg 58, Camp Lejeune.

Table D-9. Envelope ECMs for Bldg 58, Camp Lejeune.

kWh Therms Dollars Upfront Payback
ECM Name Saved Saved Saved Cost Period
Seal Window Frame Leaks| 344 337 218 2392 11.0
Seal Door Frame Leaks 66 65 42 64 1.5
Improve Roof Insulation 19 18 12 136 11.6

Annual potential remediation savings for this building are $272 and total
payback is 9.5 years for envelope-related ECMs.
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D.10 Bldg 62
D.10.1Description of Bldg 62, Marine Corps Base Camp Lejeune, NC

Name: Recreation Center

Use Type: Recreation

Square Footage: 16,426

Avg. Daily Electric Use: 1,482 kWh
Electricity Score: 95t Percentile
Electricity Usage: 32.9 kWh/sq ft/yr

Figures D-43 and D-44, respectively, show the aerial view and thermal im-
age of Bldg 62, Camp Lejeune.

Figure D-43. Aerial view of Bldg 62, Camp Figure D-44. Thermal image of Bldg 62,
Lejeune. Camp Lejeune.

D.10.2Notable leaks at Bldg 62, Marine Corps Base Camp Lejeune, NC

The walls of Bldg 62 at timestamp 325:33 are poorly insulated (Figure D-
45).
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Figure D-45. NIR image (left) and thermal image (right) of Bldg 62, Camp Lejeune.

The soffit at timestamp 325:36 is emissive, as are the window frames visi-
ble in the image (Figure D-46).

Figure D-46. NIR image (left) and thermal image (right) of Bldg 62, Camp Lejeune. The soffit
and window frames appear to be highly emissive.

D.10.3Envelope ECMs for Bldg 62, Marine Corps Base Camp Lejeune, NC

Figure D-47 shows the relative ROI for envelope ECMs for Bldg 62, Camp
Lejeune.
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Figure D-47. ECM profile for Bldg 62, Camp Lejeune.

Table D-10 lists the recommended envelope ECMs for Bldg 62, Camp

Lejeune.
Table D-10. Envelope ECMs for Bldg 62, Camp Lejeune.
kWh Therms Dollars Upfront Payback
ECM Name Saved Saved Saved Cost Period
Improve Wall Insulation 903 884 572 11474 20.0
Seal Window Frame Leaks| 127 124 80 841 10.5
Improve Soffit Insulation 46 45 29 543 18.5
Seal Door Frame Leaks 29 28 18 64 3.5
Improve Roof Insulation 27 27 17 261 15.1

Annual potential remediation savings for this building are $718 and total

payback is 18.4 years for envelope-related ECMs.
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D.11 Bldg 116

D.11.1Description of Bldg 116, Marine Corps Base Camp Lejeune, NC

Name: Administrative Office

Use Type: Office

Square Footage: 3,688

Avg. Daily Electric Use: Not Provided
Electricity Score: N/A

Figures D-48 and D-49, respectively, show the aerial view and thermal im-
age of Bldg 116, Camp Lejeune.

Figure D-48. Aerial view of Bldg 116, Camp Figure D-49. Thermal image of Bldg 116, Camp
Lejeune. Lejeune.

D.11.2Notable leaks at Bldg 116, Marine Corps Base Camp Lejeune, NC

The wall of Bldg 116 is fairly emissive compared to most buildings on the
base (Figure D-50). The door frame at timestamp 87:26 is also noticeably
leaky.
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Figure D-50. NIR image (left) and thermal image (right) of Bldg 116, Camp Lejeune.

The door frames and window frame visible at timestamp 87:43 are unusu-
ally leaky (Figure D-50).

Figure D-51. NIR image (left) and thermal image (right) of Bldg 116, Camp Lejeune. The door
frames and window frame visible are unusually leaky.

D.11.3Envelope ECMs for Bldg 116, Marine Corps Base Camp Lejeune, NC

Figure D-52 shows the relative ROI for envelope ECMs for Bldg 116, Camp
Lejeune.



ERDC/CERL TR-15-18

109

Figure D-52. ECM profile for Bldg 116, Camp Lejeune.

Table D-11 lists the recommended envelope ECMs for Bldg 116, Camp

Lejeune.
Table D-11. Envelope ECMs for Bldg 116, Camp Lejeune.
kWh Therms Dollars Upfront Payback
ECM Name Saved Saved Saved Cost Period
Seal Window Frame Leaks| 285 279 181 516 2.9
Improve Wall Insulation 209 205 133 2345 17.7
Seal Door Frame Leaks 52 51 33 193 5.9

Annual potential remediation savings for this building are $346 and total
payback is 8.8 years for envelope-related ECMs.
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D.12 Bldg 117

D.12.1Description of Bldg 116, Marine Corps Base Camp Lejeune, NC

Name: Maintenance Shop

Use Type: Office

Square Footage: 3,407

Avg. Daily Electric Use: Not Provided
Electricity Score: N/A

Figures D-53 and D-54, respectively, show the aerial view and thermal im-
age of Bldg 117, Camp Lejeune.

Figure D-53. Aerial view of Bldg 117, Camp Figure D-54. Thermal image of Bldg 117,
Lejeune. Camp Lejeune.

D.12.2Notable leaks at Bldg 116, Marine Corps Base Camp Lejeune, NC

The wall of Bldg 117 at timestamp 290:20 (Figure D-55) is more emissive
than the walls of most other buildings on the base. The soffits and window

frames are also fairly emissive.
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Figure D-55. NIR image (left) and thermal image (right) of Bldg 117, Camp Lejeune.

D.12.3Envelope ECMs for Bldg 116, Marine Corps Base Camp Lejeune, NC

Figure D-56 shows the relative ROI for envelope ECMs for Bldg 117, Camp
Lejeune.

Figure D-56. ECM profile for Bldg 117, Camp Lejeune.

Table D-12 lists the recommended envelope ECMs for Bldg 117, Camp
Lejeune.
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Table D-12. Envelope ECMs for Bldg 117, Camp Lejeune.

kWh Therms Dollars Upfront Payback
ECM Name Saved Saved Saved Cost Period
Improve Wall Insulation 717 702 454 6878 15.1
Seal Window Frame Leaks| 153 150 97 712 7.3
Basement Wall Insulation 111 109 70 1666 23.7
Improve Soffit Insulation 75 73 48 823 17.3

Annual potential remediation savings for this building are $669 and total
payback is 15.1 years for envelope-related ECMs.

D.13 Bldg 201
D.13.1Description of Bldg 201, Marine Corps Base Camp Lejeune, NC

Name: Indoor Physical Fitness Center
Use Type: Recreation

Square Footage: 16,922

Avg. Daily Electric Use: 1,010 kWh
Electricity Score: 70t Percentile
Electricity Usage: 21.7 kWh/sq ft/yr

Figures D-57 and D-58, respectively, show the aerial view and thermal im-
age of Bldg 201, Camp Lejeune.

Figure D-57. Aerial view of Bldg 201, Camp Figure D-58. Thermal image of Bldg
Lejeune. 201, Camp Lejeune.

D.13.2Notable leaks at Bldg 201, Marine Corps Base Camp Lejeune, NC

The wall and roof of Bldg 201 are notable emissive, as shown at timestamp
111:58 (Figure D-59). There is a hot spot on the left side of the wall, as well
as an apparent insulation hole near the top-left of the building.
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Figure D-59. NIR image (left) and thermal image (right) of Bldg 201, Camp Lejeune.

D.13.3Envelope ECMs for Bldg 201, Marine Corps Base Camp Lejeune, NC

Figure D-60 shows the relative ROI for envelope ECMs for Bldg 201, Camp
Lejeune.

Figure D-60. ECM profile for Bldg 201, Camp Lejeune.

Table D-13 lists the recommended envelope ECMs for Bldg 201, Camp

Lejeune.
Table D-13. Envelope ECMs for Bldg 201, Camp Lejeune.
kWh Therms Dollars Upfront Payback
ECM Name Saved Saved Saved Cost Period
Improve Wall Insulation 598 586 379 8099 21.4
Improve Roof Insulation 376 368 238 4468 18.8
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kWh Therms Dollars Upfront Payback
ECM Name Saved Saved Saved Cost Period
Seal Window Frame Leaks 92 90 58 64 1.1
Seal Door Frame Leaks 48 47 30 64 21
Improve Soffit Insulation 39 38 24 483 19.8
Basement Wall Insulation 30 29 19 362 19.0

Annual potential remediation savings for this building are $749 and total

payback is 18.1 years for envelope-related ECMs.

D.14 Bildg 203

D.14.1Description of Bldg 203, Marine Corps Base Camp Lejeune, NC

Name: Administrative Office
Use Type: Office

Square Footage: 3,431

Avg. Daily Electric Use: Not Provided

Electricity Score: N/A

Figures D-61 and D-62, respectively, show the aerial view and thermal im-
age of Bldg 203, Camp Lejeune.

Figure D-61. Aerial view of Bldg 203,

Camp Lejeune.

D.14.2Notable leaks at Bldg 203, Marine Corps Base Camp Lejeune, NC

Figure D-62. Thermal image of Bldg 203, Camp

Lejeune.

The wall and exposed foundation of Bldg 203 as shown at timestamp
108:33 are both quite emissive and poorly insulated (Figure D-63). The
windows and door frame are also more emissive than most.
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Figure D-63. NIR image (left) and thermal image (right) of Bldg 203, Camp Lejeune.

D.14.3Envelope ECMs for Bldg 203, Marine Corps Base Camp Lejeune, NC

Figure D-56 shows the relative ROI for envelope ECMs for Bldg 203,
Camp Lejeune.

Figure D-64. ECM profile for Bldg 203, Camp Lejeune.

Table D-14 lists the recommended envelope ECMs for Bldg 203, Camp
Lejeune.
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Table D-14. Envelope ECMs for Bldg 203, Camp Lejeune.

kWh Therms Dollars Upfront Payback
ECM Name Saved Saved Saved Cost Period
Improve Wall Insulation 223 219 142 2283 16.1
Basement Wall Insulation 93 91 59 847 14.3
Seal Window Frame Leaks 61 59 38 324 8.4
Seal Door Frame Leaks 26 26 17 65 3.9

Annual potential remediation savings for this building are $256 and total
payback is 13.8 years for envelope-related ECMs.

D.15 Bldg 207
D.15.1Description of Bldg 207, Marine Corps Base Camp Lejeune, NC

Name: General Storage Shed

Use Type: Office

Square Footage: 3,691

Avg. Daily Electric Use: Not Provided
Electricity Score: N/A

Figures D-65 and D-66, respectively, show the aerial view and thermal im-
age of Bldg 207, Camp Lejeune.

Figure D-65. Aerial view of Bldg 207, Camp Figure D-66. Thermal image of Bldg 207, Camp
Lejeune. Lejeune.

D.15.2Notable leaks at Bldg 207, Marine Corps Base Camp Lejeune, NC

The wall of Bldg 207 at timestamp 302:44 is notable hot, with some dis-
crete hot spots near the center of the image (Figure D-67).
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Figure D-67. NIR image (left) and thermal image (right) of Bldg 207, Camp Lejeune.

The window frame and the wall to the right of it at timestamp 302:46 are
guite hot and may be effectively remediated with improved insulation and
air sealing (Figure D-68).

Figure D-68. NIR image (left) and thermal image (right) of Bldg 207, Camp Lejeune. The
window frame and the wall to the right of it are quite hot.

D.15.3Envelope ECMs for Bldg 207, Marine Corps Base Camp Lejeune, NC

Figure D-69 shows the relative ROI for envelope ECMs for Bldg 207, Camp
Lejeune.
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D.16

Figure D-69. ECM profile for Bldg 207, Camp Lejeune.

Table D-15 lists the recommended envelope ECMs for Bldg 207, Camp

Lejeune.
Table D-15. Envelope ECMs for Bldg 207, Camp Lejeune.
kWh Therms Dollars Upfront Payback
ECM Name Saved Saved Saved Cost Period
Improve Wall Insulation 246 241 156 3269 21.0
Seal Door Frame Leaks 20 20 13 64 5.0

Annual potential remediation savings for this building are $169 and total

payback is 19.8 years for envelope-related ECMs.

Bldg 217

D.16.1Description of Bldg 217, Marine Corps Base Camp Lejeune, NC

Name: Administrative Office

Use Type: Office

Square Footage: 26,602

Avg. Daily Electric Use: 427 kWh
Electricity Score: 5th Percentile

Bldg 217 (Figures D-70 and D-71) has an electricity usage of 5.9

kWh/sq ft/yr.
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Figure D-70. Aerial view of Bldg 217, Camp Figure D-71. Thermal image of Bldg 217, Camp
Lejeune. Lejeune.

D.16.2Notable leaks at Bldg 217, Marine Corps Base Camp Lejeune, NC

The wall of Bldg 217 at timestamp 308:58 is highly emissive, particularly
in the right side of the image and in the back-right corner (Figure D-72).

Figure D-72. NIR image (left) and thermal image (right) of Bldg 217, Camp Lejeune.

The wall in the back left and right of the image at timestamp 309:01 is very
highly emissive, which likely indicates poor insulation (Figure D-73).
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Figure D-73. NIR image (left) and thermal image (right) of Bldg 217, Camp Lejeune. The wall
in the rear left and rear right of the image is very highly emissive.

D.16.3Envelope ECMs for Bldg 217, Marine Corps Base Camp Lejeune, NC

Figure D-74 shows the relative ROI for envelope ECMs for Bldg 217, Camp
Lejeune.

Figure D-74. ECM profile for Bldg 217, Camp Lejeune.

Table D-16 lists the recommended envelope ECMs for Bldg 217, Camp
Lejeune
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Table D-16. Envelope ECMs for Bldg 217, Camp Lejeune.

kWh Therms Dollars Upfront Payback
ECM Name Saved Saved Saved Cost Period
Improve Wall Insulation 760 744 482 5783 12.0
Seal Window Frame Leaks 90 88 57 776 13.7
Basement Wall Insulation 43 42 27 293 10.8
Improve Soffit Insulation 37 36 23 230 9.9

Annual potential remediation savings for this building are $589 and total
payback is 12.0 years for envelope-related ECMs.

D.17 Bldg 233
D.17.1Description of Bldg 233, Marine Corps Base Camp Lejeune, NC

Name: Administrative Building

Use Type: Office

Square Footage: 4,068

Avg. Daily Electric Use: Not Provided
Electricity Score: N/A

Figures D-75 and D-76, respectively, show the aerial view and thermal im-
age of Bldg 233, Camp Lejeune.

Figure D-75. Aerial view of Bldg 233, Camp Figure D-76. Thermal image of Bldg 233,
Lejeune. Camp Lejeune.

D.17.2Notable leaks at Bldg 233, Marine Corps Base Camp Lejeune, NC

The foundation wall, door frame, and soffit at timestamp 304:06 are all
highly emissive (Figure D-77).



ERDC/CERL TR-15-18 122

Figure D-77. NIR image (left) and thermal image (right) of Bldg 233, Camp Lejeune.

D.17.3Envelope ECMs for Bldg 233, Marine Corps Base Camp Lejeune, NC

Figure D-78 shows the relative ROI for envelope ECMs for Bldg 233, Camp
Lejeune.

Figure D-78. ECM profile for Bldg 233, Camp Lejeune.

Table D-17 lists the recommended envelope ECMs for Bldg 233, Camp
Lejeune.
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Table D-17. Envelope ECMs for Bldg 233, Camp Lejeune.
kWh Therms Dollars Upfront Payback
ECM Name Saved Saved Saved Cost Period
Improve Wall Insulation 325 318 206 2879 14.0
Seal Window Frame Leaks 55 54 35 195 5.5
Seal Door Frame Leaks 24 24 15 64 4.2
Improve Soffit Insulation 16 16 10 201 19.3

Annual potential remediation savings for this building are $267 and total

payback is 12.5 years for envelope-related ECMs.

D.18 Bldg 235

D.18.1Description of Bldg 235, Marine Corps Base Camp Lejeune, NC

Name: Bus Station

Use Type: Misc.
Square Footage: 8,592

Avg. Daily Electric Use: Not Provided

Electricity Score: N/A

Figures D-79 and D-80, respectively, show the aerial view and thermal im-
age of Bldg 235, Camp Lejeune.

Figure D-79. Aerial view of Bldg 235, Camp

Lejeune.

D.18.2Notable leaks at Bldg 235, Marine Corps Base Camp Lejeune, NC

Bldg 235 has generally poor insulation in all of it walls (Figure D-81). This

Figure D-80. Thermal image of Bldg 235,
Camp Lejeune.

can be seen at timestamp 110:43, in addition to a highly emissive door
frame indicating air leakage.
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Figure D-81. NIR image (left) and thermal image (right) of Bldg 235, Camp Lejeune.

The wall at timestamp 110:48 is also quite emissive, as is the door frame
near the left side of the image (Figure D-82).

Figure D-82. NIR image (left) and thermal image (right) of Bldg 235, Camp Lejeune. The wall
and door frame are also quite emissive.

D.18.3Envelope ECMs for Bldg 235, Marine Corps Base Camp Lejeune, NC

Figure D-83 shows the relative ROI for envelope ECMs for Bldg 235, Camp
Lejeune.
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D.19

Figure D-83. ECM profile for Bldg 235, Camp Lejeune.

Table D-18 lists the recommended envelope ECMs for Bldg 235, Camp

Lejeune.
Table D-18. Envelope ECMs for Bldg 235, Camp Lejeune.
kWh Therms Dollars Upfront Payback

ECM Name Saved Saved Saved Cost Period
Improve Wall Insulation 1557 1525 987 7643 7.7
Seal Window Frame Leaks 470 460 298 711 2.4
Seal Door Frame Leaks 295 289 187 322 1.7
Basement Wall Insulation 131 128 83 619 7.5

Annual potential remediation savings for this building are $1,555 and total

payback is 6 years for envelope-related ECMs.

Bldg 322

D.19.1Description of Bldg 322, Marine Corps Base Camp Lejeune, NC

Name: North Section Building
Use Type: Office

Square Footage: 62,793

Avg. Daily Electric Use: 1,329 kWh

Electricity Score: 10th Percentile

Electricity Usage: 7.7 kWh/sq ft/yr

Figures D-84 and D-85, respectively, show the aerial view and thermal im-
age of Bldg 322, Camp Lejeune.
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Figure D-84. Aerial view of Bldg 322, Camp Figure D-85. Thermal image of Bldg 322, Camp
Lejeune. Lejeune.

D.19.2Notable leaks at Bldg 322, Marine Corps Base Camp Lejeune, NC

The exposed foundation visible at timestamp 312:50 is notably emissive,
as is the window frame near the center of the image (Figure D-86).

Figure D-86. NIR image (left) and thermal image (right) of Bldg 322, Camp Lejeune.

The window frame near the center of the image at timestamp 312:57 is
guite emissive, as is the foundation and soffit (Figure D-87).
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Figure D-87. NIR image (left) and thermal image (right) of Bldg 322, Camp Lejeune. The
window frame, foundation and soffit are also quite emissive.

D.19.3Envelope ECMs for Bldg 322, Marine Corps Base Camp Lejeune, NC

Figure D-88 shows the relative ROI for envelope ECMs for Bldg 322,
Camp Lejeune.

Figure D-88. ECM profile for Bldg 322, Camp Lejeune.

Table D-19 lists the recommended envelope ECMs for Bldg 322, Camp
Lejeune.
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Table D-19. Envelope ECMs for Bldg 322, Camp Lejeune.

kWh Therms Dollars Upfront Payback
ECM Name Saved Saved Saved Cost Period
Seal Window Frame Leaks| 198 194 126 1036 8.2
Improve Roof Insulation 168 165 107 1860 17.4
Basement Wall Insulation 118 115 75 1762 23.6
Seal Door Frame Leaks 44 43 28 129 4.6

Annual potential remediation savings for this building are $335 and total
payback is 14.3 years for envelope-related ECMs.

D.20 Bldg 401
D.20.1Description of Bldg 401, Marine Corps Base Camp Lejeune, NC

Name: Gymnasium

Use Type: Recreation

Square Footage: 12,402

Avg. Daily Electric Use: 204.7 kWh
Electricity Score: 20th Percentile
Electricity Usage: 6.0 kWh/sq ft/yr

Figures D-89 and D-90, respectively, show the aerial view and thermal
image of Bldg 401, Camp Lejeune.

Figure D-89. Aerial view of Bldg 401, Camp Figure D-90. Thermal image of Bldg
Lejeune. 401, Camp Lejeune.

D.20.2Notable leaks at Bldg 401, Marine Corps Base Camp Lejeune, NC

There is a large poorly insulated hot spot on the left side of the image at
timestamp 354:09. The soffits at the top of the brick wall and at the roof-
line are both quite poorly insulated (Figure D-91).
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Figure D-91. NIR image (left) and thermal image (right) of Bldg 401, Camp Lejeune.

D.20.3Envelope ECMs for Bldg 401, Marine Corps Base Camp Lejeune, NC

Figure D-92 shows the relative ROI for envelope ECMs for Bldg 401, Camp
Lejeune.

Figure D-92. ECM profile for Bldg 401, Camp Lejeune.

Table D-20 lists the recommended envelope ECMs for Bldg 401, Camp
Lejeune.
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Table D-20. Envelope ECMs for Bldg 401, Camp Lejeune.

kWh Therms Dollars Upfront Payback
ECM Name Saved Saved Saved Cost Period
Improve Wall Insulation 1508 1477 956 11325 11.8
Improve Soffit Insulation 177 174 112 1260 11.2
Basement Wall Insulation 23 23 15 297 20.1

Annual potential remediation savings for this building are $1,083 and to-
tal payback is 11.9 years for envelope-related ECMs.

D.21 Bldg 407
D.21.1Description of Bldg 407, Marine Corps Base Camp Lejeune, NC

Name: Administrative Office

Use Type: Office

Square Footage: 26,602

Avg. Daily Electric Use: 1,265 kWh
Electricity Score: 70th Percentile

Bldg 407 (Figures D-93 and D-94) has an electricity usage of 17.3
kWh/sq ft/yr

Figure D-93. Aerial view of Bldg 407, Camp
Lejeune.

Figure D-94. Thermal image of Bldg 407, Camp
Lejeune.

D.21.2Notable leaks at Bldg 407, Marine Corps Base Camp Lejeune, NC

The walls of Bldg 407 at timestamp 354:25 are highly emissive, with hot
spots on the right side of the image and in the back center (Figure D-95).
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Figure D-95. NIR image (left) and thermal image (right) of Bldg 407, Camp Lejeune.

The wall in the left corner of the back of the image at timestamp 354:28 is
notably hot, which indicates poor insulation (Figure D-96).

Figure D-96. NIR image (left) and thermal image (right) of Bldg 407, Camp Lejeune. The wall
in the left and right rear corners is notably hot, which indicates poor insulation.

D.21.3Envelope ECMs for Bldg 407, Marine Corps Base Camp Lejeune, NC

Figure D-97 shows the relative ROI for envelope ECMs for Bldg 407, Camp
Lejeune.
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Figure D-97. ECM profile for Bldg 407, Camp Lejeune.

Table D-21 lists the recommended envelope ECMs for Bldg 407, Camp

Lejeune.
Table D-21. Envelope ECMs for Bldg 407, Camp Lejeune.
kWh Therms Dollars Upfront Payback
ECM Name Saved Saved Saved Cost Period
Improve Wall Insulation 1503 1472 953 10144 10.6
Seal Window Frame Leaks 182 179 116 1163 10.1
Basement Wall Insulation 79 77 50 623 12.5
Improve Soffit Insulation 60 58 38 497 13.1
Improve Roof Insulation 32 32 21 286 13.9

Annual potential remediation savings for this building are $1,177 and total

payback is 10.8 years for envelope-related ECMs.



ERDC/CERL TR-15-18 133

D.22 Bldg 408
D.22.1Description of Bldg 408, Marine Corps Base Camp Lejeune, NC

Name: Administrative Office

Use Type: Office

Square Footage: 21,759

Avg. Daily Electric Use: 358.4
Electricity Score: 25th Percentile
Electricity Usage: 6.0 kWh/sq ft/yr

Figures D-98 and D-99, respectively, show the aerial view and thermal im-
age of Bldg 408, Camp Lejeune.

Figure D-98. Aerial view of Bldg 408, Camp Figure D-99. Thermal image of Bldg
Lejeune. 408, Camp Lejeune.

D.22.2Notable leaks at Bldg 408, Marine Corps Base Camp Lejeune, NC

There is a large poorly insulated hot spot at timestamp 356:55 on the left
side of the image. The door frame in the center of the image is also fairly
leaky and would benefit from air sealing (Figure D-100).
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Figure D-100. NIR image (left) and thermal image (right) of Bldg 408, Camp Lejeune.

The wall at timestamp 356:57 has a hot spot around the center of the im-

age, and the exposed foundation/basement wall is also quite emissive
(Figure D-101).

Figure D-101. NIR image (left) and thermal image (right) of Bldg 408, Camp Lejeune. The wall
has a hot spot around the center of the image, and the exposed foundation/basement wall is
also quite emissive.

D.22.3Envelope ECMs for Bldg 408, Marine Corps Base Camp Lejeune, NC

Figure D-102 shows the relative ROI for envelope ECMs for Bldg 408,
Camp Lejeune.
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Figure D-102. ECM profile for Bldg 408, Camp Lejeune.

Table D-22 lists the recommended envelope ECMs for Bldg 408, Camp

Lejeune.
Table D-22. Envelope ECMs for Bldg 408, Camp Lejeune.
kWh Therms Dollars Upfront Payback
ECM Name Saved Saved Saved Cost Period
Improve Wall Insulation 944 925 599 6834 11.4
Seal Window Frame Leaks| 103 101 65 258 4.0
Seal Door Frame Leaks 100 98 64 127 2.0
Basement Wall Insulation 61 60 39 308 7.9
Improve Soffit Insulation 35 34 22 527 23.9

Annual potential remediation savings for this building are $789 and total
payback is 10.2 years for envelope-related ECMs.

D.23 Bldg 424
D.23.1Description of Bldg 424, Marine Corps Base Camp Lejeune, NC

Name: Administrative Office

Use Type: Office

Square Footage: 22,867

Avg. Daily Electric Use: Not Provided
Electricity Score: N/A

Figures D-103 and D-104, respectively, show the aerial view and thermal
image of Bldg 424, Camp Lejeune.
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Figure D-103. Aerial view of Bldg 424, Camp Figure D-104. Thermal image of Bldg
Lejeune. 424, Camp Lejeune.

D.23.2Notable leaks at Bldg 424, Marine Corps Base Camp Lejeune, NC

The walls of Bldg 424 appear poorly insulated, particularly the portion on
the left side of the image shown at timestamp 356:22 (Figure D-105).

Figure D-105. NIR image (left) and thermal image (right) of Bldg 424, Camp Lejeune.

D.23.3Envelope ECMs for Bldg 424, Marine Corps Base Camp Lejeune, NC

Figure D-106 shows the relative ROI for envelope ECMs for Bldg 424,
Camp Lejeune.
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Figure D-106. ECM profile for Bldg 424, Camp Lejeune.

Table D-23 lists the recommended envelope ECMs for Bldg 424, Camp

Lejeune.
Table D-23. Envelope ECMs for Bldg 424, Camp Lejeune.
kWh Therms Dollars Upfront Payback
ECM Name Saved Saved Saved Cost Period
Improve Wall Insulation 1994 1953 1264 12177 9.6
Basement Wall Insulation 560 548 355 3249 9.2
Seal Window Frame Leaks 332 325 211 970 4.6
Seal Door Frame Leaks 208 204 132 322 2.4
Improve Soffit Insulation 78 77 50 735 14.8
Improve Roof Insulation 25 24 16 294 18.6

Annual potential remediation savings for this building are $2,026 and to-
tal payback is 8.8 years for envelope-related ECMs.
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D.24 Bldg 430

D.24.1Description of Bldg 430, Marine Corps Base Camp Lejeune, NC

Name: Small Arms Range

Use Type: Misc.

Square Footage: 7,536

Avg. Daily Electric Use: Not Provided
Electricity Score: N/A

Figures D-107 and D-108, respectively, show the aerial view and thermal
image of Bldg 430, Camp Lejeune.

Figure D-107. Aerial view of Bldg 430, Camp Figure D-108. Thermal image of Bldg 430,
Lejeune. Camp Lejeune.

™

D.24.2Notable leaks at Bldg 430, Marine Corps Base Camp Lejeune, NC

The walls of Bldg 430 are noticeably hot, as shown at timestamp 163:58
(Figure D-109). There is a hot spot in the wall on the left of the image, as
well as around the door frame on the right side of the image.
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Figure D-109. NIR image (left) and thermal image (right) of Bldg 430, Camp Lejeune.

The door frame at the center of the image at timestamp 164:00 is fairly
emissive (Figure D-110).

Figure D-110. NIR image (left) and thermal image (right) of Bldg 430, Camp Lejeune. The
door frame at the center of the image is fairly emissive.

D.24.3Envelope ECMs for Bldg 430, Marine Corps Base Camp Lejeune, NC

Figure D-111 shows the relative ROI for envelope ECMs for Bldg 430,
Camp Lejeune.
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Figure D-111. ECM profile for Bldg 430, Camp Lejeune.

Table D-24 lists the recommended envelope ECMs for Bldg 430, Camp

Lejeune.
Table D-24. Envelope ECMs for Bldg 430, Camp Lejeune.
kWh Therms Dollars Upfront Payback
ECM Name Saved Saved Saved Cost Period
Improve Wall Insulation 874 857 554 6542 11.8
Improve Roof Insulation 378 370 240 4502 18.8
Basement Wall Insulation 112 110 71 892 12.6
Seal Door Frame Leaks 109 106 69 194 2.8
Improve Soffit Insulation 49 48 31 486 15.6
Seal Window Frame Leaks 35 35 22 130 5.8

Annual potential remediation savings for this building are $987 and total
payback is 12.9 years for envelope-related ECMs.
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D.25 Bldg 508
D.25.1Description of Bldg 508, Marine Corps Base Camp Lejeune, NC

Name: Administrative Office

Use Type: Office

Square Footage: 23,073

Avg. Daily Electric Use: 202.6 kWh
Electricity Score: 5th Percentile
Electricity Usage: 3.2 kWh/sq ft/yr.

Figures D-112 and D-113, respectively, show the aerial view and thermal
image of Bldg 508, Camp Lejeune.

Figure D-112. Aerial view of Bldg 508, Camp Figure D-113. Thermal image of Bldg
Lejeune. 508, Camp Lejeune.

D.25.2Notable leaks at Bldg 508, Marine Corps Base Camp Lejeune, NC

The door frame at timestamp 353:20 is quite emissive, which indicates po-
tential air leaks (Figure D-114).
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Figure D-114. NIR image (left) and thermal image (right) of Bldg 508, Camp Lejeune.

The wall in the center of the image at timestamp 353:22 is highly emissive,
with a large warm hot spot in the center and an emissive founda-
tion/basement wall (Figure D-115).

Figure D-115. NIR image (left) and thermal image (right) of Bldg 508, Camp Lejeune. The wall
in the center of the image is highly emissive, with a large warm hot spot in the center and an
emissive foundation/basement wall.
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D.25.3Envelope ECMs for Bldg 508, Marine Corps Base Camp Lejeune, NC

Figure D-116 shows the relative ROI for envelope ECMs for Bldg 508,

Camp Lejeune.

Figure D-116. ECM profile for Bldg 508, Camp Lejeune.

Table D-25 lists the recommended envelope ECMs for Bldg 508, Camp

Lejeune.
Table D-25. Envelope ECMs for Bldg 508, Camp Lejeune.
kWh Therms Dollars Upfront Payback
ECM Name Saved Saved Saved Cost Period
Improve Wall Insulation 439 430 278 4870 175
Basement Wall Insulation 57 56 36 190 5.3
Seal Door Frame Leaks 54 52 34 129 3.8
Seal Window Frame Leaks 25 25 16 130 8.1
Improve Soffit Insulation 24 24 15 183 12.0

Annual potential remediation savings for this building are $379 and total

payback is 14.5 years for envelope-related ECMs.
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D.26 Bldg 509
D.26.1Description of Bldg 509, Marine Corps Base Camp Lejeune, NC

Name: Administrative Office

Use Type: Office

Square Footage: 23,073

Avg. Daily Electric Use: 276 kWh
Electricity Score: 5th Percentile
Electricity Usage: 4.4 kWh/sq ft/yr.

Figures D-117 and D-118, respectively, show the aerial view and thermal
image of Bldg 509, Camp Lejeune.

Figure D-117. Aerial view of Bldg 509, Camp Figure D-118. Thermal image of Bldg
Lejeune. 509, Camp Lejeune.

D.26.2Notable leaks at Bldg 509, Marine Corps Base Camp Lejeune, NC

The soffits at timestamp 169:06 are noticeably emissive, and there is a hot
strip to the right of the image above the window (Figure D-119).
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Figure D-119. NIR image (left) and thermal image (right) of Bldg 509, Camp Lejeune.

D.26.3Envelope ECMs for Bldg 509, Marine Corps Base Camp Lejeune, NC

Figure D-120 shows the relative ROI for envelope ECMs for Bldg 509,
Camp Lejeune.

Figure D-120. ECM profile for Bldg 509, Camp Lejeune.

Table D-26 lists the recommended envelope ECMs for Bldg 509, Camp
Lejeune.
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Table D-26. Envelope ECMs for Bldg 509, Camp Lejeune.
kWh Therms Dollars Upfront Payback
ECM Name Saved Saved Saved Cost Period
Seal Window Frame Leaks| 248 243 157 388 2.5
Improve Soffit Insulation 76 75 49 476 9.8
Seal Door Frame Leaks 57 55 36 129 3.6

Annual potential remediation savings for this building are $242 and total
payback is 4.1 years for envelope-related ECMs.

D.27 Bldg 895
D.27.1Description of Bldg 895, Marine Corps Base Camp Lejeune, NC

Name: Administrative Office

Use Type: Misc.

Square Footage: 16,782

Avg. Daily Electric Use: 877.7 kWh
Electricity Score: 70th Percentile
Electricity Usage: 19.1 kWh/sq ft/yr.

Figures D-121 and D-122, respectively, show the aerial view and thermal
image of Bldg 895, Camp Lejeune.

Figure D-121. Aerial view of Bldg 895, Camp
Lejeune.

Figure D-122. Thermal image of Bldg 895,
Camp Lejeune.

D.27.2Notable leaks at Bldg 895, Marine Corps Base Camp Lejeune, NC

The windows of Bldg 895 are quite a bit more emissive than any other
windows that were scanned on the base. They can be seen at timestamp
135:44 (Figure D-123).
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Figure D-123. NIR image (left) and thermal image (right) of Bldg 895, Camp Lejeune.

D.27.3Envelope ECMs for Bldg 895, Marine Corps Base Camp Lejeune, NC

Figure D-124 shows the relative ROI for envelope ECMs for Bldg 895,
Camp Lejeune.

Figure D-124. ECM profile for Bldg 895, Camp Lejeune.

Table D-27 lists the recommended envelope ECMs for Bldg 895, Camp
Lejeune.
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Table D-27. Envelope ECMs for Bldg 895, Camp Lejeune.
kWh Therms Dollars Upfront Payback
ECM Name Saved Saved Saved Cost Period
Improve Wall Insulation 1631 1597 1034 14135 13.7
Seal Window Frame Leaks 591 579 217 324 1.5

Annual potential remediation savings for this building are $1,251 and total
payback is 11.6 years for envelope-related ECMs.

D.28 Bldg 2603

D.28.1Description of Bldg 2603, Marine Corps Base Camp Lejeune, NC

Name: Barracks

Use Type: Multifamily

Square Footage: 14,237

Avg. Daily Electric Use: 400 kWh
Electricity Score: 65th Percentile
Electricity Usage: 10.3 kWh/sq ft/yr.

Figures D-125 and D-126, respectively, show the aerial view and thermal
image of Bldg 2603, Camp Lejeune.

Figure D-125. Aerial view of Bldg 2603, Camp
Lejeune.

Figure D-126. Thermal image of Bldg 2603,
Camp Lejeune.

D.28.2Notable leaks at Bldg 2603, Marine Corps Base Camp Lejeune, NC

The wall at timestamp 221:37 is poorly insulated, with a notable hot spot
above the door frame (Figure D-127).



ERDC/CERL TR-15-18

149

Figure D-127. NIR image (left) and thermal image (right) of Bldg 2603, Camp Lejeune.

D.28.3Envelope ECMs for Bldg 2603, Marine Corps Base Camp Lejeune,
NC

Figure D-128 shows the relative ROI for envelope ECMs for Bldg 2603,
Camp Lejeune.

Figure D-128. ECM profile for Bldg 2603, Camp Lejeune.

Table D-28 lists the recommended envelope ECMs for Bldg 2603, Camp
Lejeune.
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Table D-28. Envelope ECMs for Bldg 2603, Camp Lejeune.

kWh Therms Dollars Upfront Payback
ECM Name Saved Saved Saved Cost Period
Improve Wall Insulation 568 556 360 4470 12.4
Seal Door Frame Leaks 54 52 34 64 1.9
Seal Window Frame Leaks 41 40 26 323 12.5

Annual potential remediation savings for this building are $420 and total
payback is 11.6 years for envelope-related ECMs.

D.29 Bldg HP285
D.29.1Description of Bldg HP285, Marine Corps Base Camp Lejeune, NC

Name: Barracks

Use Type: Multifamily

Square Footage: 47,709

Avg. Daily Electric Use: 1063 kWh
Electricity Score: 30th Percentile
Electricity Usage: 8.1 kWh/sq ft/yr

Figures D-129 and D-130, respectively, show the aerial view and thermal
image of Bldg HP285, Camp Lejeune.

Figure D-129. Aerial view of Bldg HP285, Camp
Lejeune.

Figure D-130. Thermal image of Bldg HP285, Camp
Lejeune.

D.29.2Notable leaks at Bldg HP285, Marine Corps Base Camp Lejeune, NC

The walls and door shown at timestamp 118:23 are notable emissive
(Figure D-131).
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Figure D-131. NIR image (left) and thermal image (right) of Bldg HP285, Camp Lejeune.

D.29.3Envelope ECMs for Bldg HP285, Marine Corps Base Camp Lejeune,
NC

Figure D-132 shows the relative ROI for envelope ECMs for Bldg HP285,
Camp Lejeune.

Figure D-132. ECM profile for Bldg HP285, Camp Lejeune.

Table D-29 lists the recommended envelope ECMs for Bldg HP285, Camp
Lejeune.
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Table D-29. Envelope ECMs for Bldg HP285, Camp Lejeune.

kWh Therms Dollars Upfront Payback
ECM Name Saved Saved Saved Cost Period
Improve Wall Insulation 720 705 456 8390 18.4
Seal Door Frame Leaks 62 61 39 193 49

Annual potential remediation savings for this building are $496 and total
payback is 17.3 years for envelope-related ECMs.

D.30 Bldg HP507

D.30.1Description of Bldg HP507, Marine Corps Base Camp Lejeune, NC

Name: Barrack

Use Type: Multifamily

Square Footage: 42,090

Avg. Daily Electric Use: 1,027 kWh
Electricity Score: 65th Percentile
Electricity Usage: 8.9 kWh/sq ft/yr.

Figures D-133 and D-134, respectively, show the aerial view and thermal
image of Bldg HP570, Camp Lejeune.

Figure D-133. Aerial view of Bldg HP507, Camp
Lejeune.

Figure D-134. Thermal image of Bldg HP570, Camp
Lejeune.

D.30.2Notable leaks at Bldg HP507, Marine Corps Base Camp Lejeune, NC

The walls at timestamp 160:11 show a similar highly emissive pattern, with
heat loss both at the top and down the middle of each wall (Figure D-135).
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Figure D-135. NIR image (left) and thermal image (right) of Bldg HP507, Camp Lejeune.

D.30.3Envelope ECMs for Bldg HP507, Marine Corps Base Camp Lejeune,

NC

Figure D-136 shows the relative ROI for envelope ECMs for Bldg HP570,

Camp Lejeune.

Figure D-136. ECM profile for Bldg HP507, Camp Lejeune.

Table D-30 lists the recommended envelope ECMs for Bldg HP570, Camp

Lejeune.
Table D-30. Envelope ECMs for Bldg HP570, Camp Lejeune.
kWh Therms Dollars Upfront Payback
ECM Name Saved Saved Saved Cost Period
Improve Wall Insulation 520 509 329 4257 12.9

Annual potential remediation savings for this building are $329 and total

payback is 12.9 years for envelope-related ECMs.
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Appendix E: Remediation Cost Estimates

E.1

E.2

This appendix provides details on the approaches used to estimate mitiga-
tion costs associated with window frame sealing, door frame sealing, wall
insulation, and roof insulation. For the purposes of this analysis, it was as-
sumed that soffit insulation shares the same characteristic costs as roof
insulation, as soffit-specific remediation costs were not readily available.
All of these calculations use a standard labor cost per hour, L., which is
assumed to be $60.

Window frame sealing

The cost of window frame sealing can be modeled as:

Wtime
Cw = Whum * Myingow + Leost - ;_0 (E-1)
where:
Wium is the number of windows sealed
M, inaow 1S the material cost per window sealed, assumed to be $33[
Wiime is the labor time required per window sealed, assumed to be

37 minutes.[l

This resulted in a typical window sealing cost of $70 per window, assum-
ing that enough windows will be sealed during a single trip that other time
costs (e.g., travel time) will be negligible.

Door frame sealing

Doorframe sealing and weather-stripping is calculated similarly to window
frame sealing:

Ditime
Ca = Dpym - (Mdoor + Leost - t6_0) (E-2)

where:

Dypym 1S the number of doors sealed

M ;,0r IS the material cost per door sealed, assumed to be $14.9[2]

Diime 1S the labor time required per door sealed, assumed to be 57
minutes.[2]
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E.3

E.4

This results in a typical door sealing/weather-stripping cost of $72 per
door.

Wall insulation

Wall insulation costs are comprised of access time, installation time, insu-
lation costs, and other material costs related in the equation below:

Ws
Cyw = quft *Myau + Leost (_qft) (E-3)

Wrate

where:

Wsqre  1s the square footage of the wall in question

M, isthe material cost per square foot of insulation installed,
assumed to be $2.8701

W,qte 1S the square footage of wall insulation that can be installed in
an hour by a single worker, including preparation and access
time, assumed to be 13.[3]

For a 100 sq ft section of poorly insulated wall, this would amount to a to-
tal cost of $784.

Roof insulation

Roof insulation costs are calculated similarly to wall insulation costs, and
are comprised of access time, installation time, insulation costs, other ma-
terial costs, and fixed material costs related in the equation below:

RS
G = quft ’ Mroof + Leost - (Lft) (E-4)

Rrate

where:

Ryqre s the square footage of the wall in question

M,,or isthe material cost per square foot of insulation, assumed to
be $2.66.[4]

R,.qte 1S the square footage of roof/ceiling insulation that can be
installed in an hour by a single worker, including preparation
and access time, assumed to be 11.5.[3]

For a 100 sq ft section of poorly insulated roof, this would amount to a to-
tal cost of $788.
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Appendix F: Collected Data Sample

Data Description: Essess collected terabytes of data at each base. Below is
an example summary data file for 14 seconds of Essess data. Green text is
the system data file and the black text is the explanation of what was actu-
ally happening in the system.

Sample Data:

path: 2014-02-22-19-16-22_7.bag

version: 2.0

duration: 14.0s

start: Feb 22 2014 19:16:22.46 (1393114582.46)
end: Feb 22 2014 19:16:36.50 (1393114596.50)
size: 2.0 GB

/diagnostics

System Diagnostic Information
/driver_bottom_camera/camera_info
Camera Information & Intrinsics
/driver_bottom__camera/color_remapped
8bit color image remapped from 16bit mono image data
/driver_bottom_camera/flir_info

FLIR thermal coefficients and hardware information
/driver_bottom_camera/image_info

Image Statstics
/driver_bottom_camera/image_raw

Raw 16bit Image Data
/driver_bottom_camera/image_raw_throttle
2Hz Throttled Raw 16bit Image Data
/driver_nir/camera_info

Camera Information & Intrinsics
/driver_nir/hardware_info

Camera hardware information
/driver_nir/image_info

Image Statstics

/driver_nir/image_raw

Raw 16bit Image Data
/driver_nir/image_raw_throttle

2Hz Throttled Raw 16bit Image Data
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/driver_nir/reduced_and_throttled

2Hz Throttled 8bit Image at half resolution
/driver_top_camera/camera_info
/driver_top_camera/color_remapped
/driver_top_camera/flir_info
/driver_top_camera/image_info
/driver_top_camera/image_raw
/driver_top_camera/image_raw_throttle
See /driver_bottom_camera
/environmental _data

Internal and External ambient temperature sensors
/lidar_sick/hw__info

2D LIDAR Hardware Information
/lidar_sick/scan

2D LIDAR scan data
/passenger__bottom_camera/camera_info
/passenger_bottom_camera/color_remapped
/passenger_bottom__camera/flir_info
/passenger_bottom_camera/image_info
/passenger_bottom_camera/image_raw
/passenger_bottom_camera/image_raw_throttle
See /driver_bottom_camera
/passenger_nir/camera_info
/passenger_nir/hardware_info
/passenger_nir/image_8bit
/passenger_nir/image_info
/passenger_nir/image_raw
/passenger_nir/image_raw_throttle
/passenger_nir/reduced_and_throttled

See /driver_nir
/passenger_top_camera/camera_info
/passenger_top_camera/color_remapped
/passenger_top_camera/flir_info
/passenger_top_camera/image_info
/passenger_top camera/image_raw
/passenger_top camera/image_raw_throttle
See /driver_bottom_camera

/rosout

/rosout_agg

ROS Diagnostic logging
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/tf

Geometric transformation information
/trimble/hw__info

Trimble GPS Information
/trimble/nav_sat_fix

Trimble GPS position
/trimble/nav_sat_fix_fast

High rate Trimble GPS position estimate
/trimble/raw

Trimble GPS raw data
/trimble/temperature

Trimble GPS case temperature
/velodyne/fix

Velodyne LIDAR integrated GPS position
/velodyne/hw__info

Velodyne LIDAR hardware information
/velodyne/imu

Velodyne LIDAR integrated IMU
/velodyne/nmea

Velodyne raw NMEA GPS data
/velodyne/temp

Velodyne case temperature
/velodyne/time_reference

Velodyne time reference

/velodyne/vel

Velodyne velocity estimate from integrated GPS
/velodyne_ins/raw

Raw Velodyne inertial navigation data
/velodyne packets

Raw Velodyne LIDAR data
/velodyne_points

Pointcloud data
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